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ABSTRACT

'Accurate ocean data is essential for successful fleet operation. The N-ROSS
Satellite, which is being developed for this mission, will carry a Low Frequency

Microwave Radiometer ( LFMR ). The LFMR consists of large flexible reflector and
boom and spins at 15 r.p.m. The effects of the flexibility of the boom, the spin-up

procedure and the structural damping on the pointing error of the LFMR are

investigated by performing the dynamic simulation using the Dynamic Simulation
Language. Two cases of boom material, Aluminum Alloy and the Graphite'epoxy
composite material, are analyzed and the results are compared. The simulation and

analysis results are presented in graphical forms.
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I. INTRODUCTION

A. BACKGROUND
Accurate ocean weather prediction is essential for successful fleet operations. The

NANY needs superior data collection capability to obtain the data density and

reliability necessary to produce consistently accurate forecasts and oceanographic data.

However present prediction models are limited by the quality and quantity of input

data which come mainly from ships. The obvious approach to satisfy these purpose

can be derived from satellite observations. Therefore, the NAVY planned the

construction of the Navy Remote Ocean Sensing System ( N - ROSS ). [Ref. I] This
system consists of satellites which scan the earth surface and provide the fleet with

timely worldwide knowledge of ocean data such as seasurface wind speed. wind

direction, seasurface temperature, ice edge detection, ocean wave height and ocean
photograpy. [Ref. 21 To satisfv the mission requirements the N - ROSS Satellite will

carry several sensors. Among these sensors the Low Frequency Microwave Radiometer
( LFMR ) is the most important and the most interesting from the dynamics of the

spacecraft point of view. The function of the LFMR is scanning the earth surface and

measure the seasurface temperature. To increase the scanning area the deployable

reflector spins at 15 r.p.m. The sizes of this LFMR reflector and boom are relatively

large compared to the N - ROSS Satellite itself. So the weight of this boom should be

light, which makes the boom flexible. By this reason, there exist certain extent of
deflection at the tip of the LFMR boom and this boom vibrates when this boom is

spinning. Deflection and vibration due to this elastic deformation induce pointing

error of' the reflector in elevation and azimuth angle. However there is strict pointing

error requirement of the LFMR. [Ref. 2] Therefore analysis of the flexible LFMR

boom which supports the sensor payload is imperative for this research.

B. STATEMENT OF PROBLEM

The traditional approach to dynamics of' a boom system is based on the

assumption that the systems are composed of rigid bodies. Until recently, only a rigid

body motion was assumed for the analysis. However, the flexible system includes a

small elastic deformation as well as a large motion. These small elastic deformations
include bending. twistingy n axiai extension. Development o" a dynamic modei

11



including flexibility demands more accuracy for the system responses. Without
considering these small motion of a boom, we cannot expect a certain accuracy to

maintain a spacecraft attitude and pointing control. [Ref. 3] Recently, efforts have

been made to control maneuvers of mechanical systems which can not be adequately

modeled using a rigid body assumption for all or some of the system components,

especially in the fields of satellites, [Ref. 4: pp. 257-2641
Therefore, the development of a good dynamic model of a flexible system, an

efficient dynamic equations formulation method and a good dynamic simulation schem

are essential for the analysis of and identification of potential problems in the flexible

LFMR system.

C. THESIS OUTLINE

In Chapter II, the development of an analytic model for the Lower Frequency

Microwave Radiometer ( LFMR ) reflector boom in 3-dimensional motion is described.

The large motion due to rotation is described by an equivalent rigid boom motion and
elastic deflection of' a flexible boom relative to the equivalent rigid boom motion is

expressed using the mode superposition technique. The dynamical equations for this

model are formulated using the Lagrange's method.

In Chapter III, The computer implementations for the solution of the obtained

equations are explained. For the modal analysis of the system. NAsa STRuctural

ANalysis ( NASTRAN ) computer program was used and Dynamic Simulation
Language ( DSL ) was applied to solve the simultaneous, nonlinear, ordinary

differential equations. The LINPACK subroutines DGEFA and DGESL are also used

in the dynamic simulation.

In Chapter IV, simulation results are presented to investigate the deflection and

pointing error of the LFMR. Comparisons are made by changing the torque nput

condition. The problems considered are 1) the effects of spin-up procedure on the

pointing error of the LFMR reflector; 2) the effect of damping on the settling time of

pointing error; 3) the equilibrium configuration of LFMR booms due to constant

rotating speeds For the comparison purpose. two kinds of material, aluminum ailoy

and composite material, were assumed as the LFMR boom materials.

In chapter V. Conclusions are made From the research and some

recommendations for future work in the area of the dynamic analysis of the flexible

LFMR reflector boom system are ziven.

12
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II. FORMULATIONS OF DYNAMIC EQUATIONS

A. INTRODUCTION
In this Chapter, the dynamical equations of motion for the LFMR system which

rotates in three dimensional space is developed. The 2-dimensional planar motion of

the same boom was also studies and are presented in Appendix A. A simple dynamic

model of the LFMR system is developed for this analysis. The Lagrangian approach

and the mode superposition technique are used for the formulation of the dynamic

equations of the flexible LFMR system.

B. DESCRIPTIONS OF THE MODEL

The LFMR shown in Fig. 2.1 consists of four structures: a reflector, an upper

reflector boom, a lower reflector boom and an electronics box. The reflector is attached

to the top of the upper reflector boom. The upper reflector boom and the lower

reflector boom is connected by a boom hinge. The electronics box is attached to the

bottom end of the lower boom.

For our analysis, the deployable reflector is modeled as a concentrated mass at
the tip of the upper reflector. We assume the boom hinge which connects the two

booms is stiff and firm and there is no relative motion between the booms after the

deployment of the LFMR boom. Therefore we consider the whole system ( reflector.

booms, boom hinge ) as a one body system.

The LFMR system is connected to the Main Bus of the N - ROSS Satellite by a

Spacecraft Boom. The attitude of' the N - ROSS Satellite is controilee by a Attitude

Determination And Control System ( ADACS ) very accurately. [Ref. 51 Therefore. it

is assumed that the spin axis and the base is remain Lixed in the retircnce frame iixed

to the N - ROSS Satellite. The N - ROSS Spacecraft moves on a circular orbit with
the spin axis always pointing the earth center. Hence, the gravitational force is in

equilibnum with the centrifugal force in the orbit plane: the LFMR system is in zero-g

environment. Therefore, in the dvnanic model of the present studies, the relerence

frame fixed to the N - ROSS Spacecraft is assumed the Newtonian ( inertial ) reference

frame and the LFMR system is in zero-g environment.

From the above assumptions the dynamic model of the LFMR system is defined

as shown in Figure 2.2. The giobai coordinates X. Y. Z :s 'Axed !n ,he inertial reference

13



frame and a moving coordinate x, y, z ( local coordinates ). which is a body fixed

coordinate system, is defined as shown in Figure 2.2. The body fixed coordinate
system ( local coordinates ) is attached to the base 0. The local z-axes and the global

Z-axes are the common axis of rotation. The local x, y-axes and the global X, Y-axes

are in the same plane with angle difference 0.

C. LAGRANGE'S EQUATION

For any system there must be same numbers of independent coordinates as the degrees

of the freedom of the system to completely describe the motion of the system. The

choice of coordinates is important in dynamic analysis. Such independent coordinates

are called generalized coordinates and are denoted by the letter qr. For a system with a

set of n independent generalized coordinates qr ( r = 1, 2, 3, ...... , n ), Lagrange's

equations are expressed as [Ref. &7]

d OT OT Ud"- [ "-.-] - - + - ff=Q (eqn 2.1l)
dt -Tqk qk + 0qk =Q

(k f 1, 2. 3 ....... n )

where T is the kinetic energy, U is the potential energy and Qk is the generalized torces
which is defined as follows

Qi= NFj (eqn 2.2)

The dot over a variable means derivative with respect to time. Fi is the Force acting on

particle j and Rj is the instantaneous position ofI particle j and may be expressed in

terms of generalized coordinates

Ri = Rj ( q1' q2 , q3  ......... qn (eqn 2.3)

and 6Rj is the virtual displacement of the particle.

To describe the motion of the LFMR boom system which composed of a large

slow motion due to rotation and a small fast motion due to elastic vibration. two kinds

of generalized coordinates are defined. One is 0 for rotation ot boom and others are

14
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Figure 2.2 Modeling of LFMR boom system.

h = 1, 2, 3,......, n ) for h-th mode generalized displacement, where n is number of

modes.
Now Lagrange's equation 2.1 is rewritten as

d OT 'r all
d-Qr (eqn 2.4)

t 60
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and

d aT n aU2dt" [  - aqh + -q h "h(en25

(h 1, 2,3,...... ,n)

The external force acting on the LFM R system is assumed the torque r by a

torque motor at the root of the boom. The contribution of this torque to the

generalized forces is Qr - e and this torque does not contribute to Qhl. Damping

forces are assumed equal to the modal damping value in this analysis. Since the modal

damping values can be measured easily. Therefore the contribution of damping forces

to the generalized forces Qh can be obtained using a dissipation function.

D 2 Oii Mi qi2(t) (eqn 2.6)D= 2

OD
with Qh - -

= - 2 h hMh4h

where

;h :modal damping ratio of h-rh mode

the natural 'requency ot" h-th mode

Mh: the modal mass of h-th mode

Then equation 2.4 and 2.5 finally written as

d OT OT du- -I -- 4- 
=

- = eqn 2.7)dt 'I +

and

d OT OT aU

t Oqh Oqh

17



(h- 1 2.3 . n)

D. POSITION AND VELOCITY

During the rotational motion of the LFMR system, the boom deforms. The

deformed positions of a generic point in the system can be expressed the vector sum of

a vector R0 (x) from the origin to the undeformed position of the point and a vector

W(x.t) which is deflection, as shown in Figure 2.3. The notations show in the Figure

2.3 represent the following parameters:

M : tip mass

mir :mass of electronics box

ti :length of lower boom

E2 : length of upper boom

angle between two links

Z applied torque

O(t) : angular displacement

4 (t) angular velocity

R0(x) position vector of the point on the boom in the local x-direction

R(x.t) : position vector of the point on the boom after deformation

W(x.t) defom-ation vector of boom

i unit vector ot local x-direction

j : unit vector of local y-direction

k: unit vector of local z-direction

it: unit vector of gliobal X-direction

Jo unit vector of lobal Y-direction

i • unit vector of global Z-direction

Then the position vector R(x.t) is expressed as

R(x.t) = R0(X)- W(x.t) (eqn 2.9)

The undeformed position Ro(xis represented by its components.

R =(x)-- R,(x + R(x) (eqn 2.101

- Rx(X) i + Rz(x) k

18
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Y j

where
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WV TVx) ! is ifth mode shape function in extension

*.Y~x) i is i-th mode shape function in extension
q.y(x) J is i-th mode shape function in translation

From the equation 2. 10 and equation 2.11, equation 2.9 can be rewritten in the form of

R(x,t) - Rx(x) i + Rz(x) k (eqn 2.12)

+ ' [p(iX(x) i + (p.Y(x) j + (pi(x) k ] qi(t)
i

RX(x) + (p"X(x) qi(t) ]i + [ (" pY(x) qi(t) ]|
i

+ [ Rz(x) + (piZ(x) qi(t) ] k
i

The velocity of the point in the Newtonian reference frame is obtained by taking the

time derivative of equation 2. 12 and applying the relation between the time derivative

of unit vector i and j,

iOk xi-- j
j=Okxj= -Oi

i k x k= 0

the velocity is

= [ - 6 (Pj17(x) q1(t) + ' p(xq(tIi(eqn 2. 13)
i 1

+ [ , 9RX)+ 6' (p.XI(x) q1(t) +' ~ (p~'(x) q tiw
1 1

+ [S(Piz(x) ;i(t) ] k

E. KINETIC ENERGY

The kinetic energy of the system can be expressed by the surmmation of' three

different kinetic energies. One is the kinetic energy of the boom itself, another is the

kinetic energy o" the tip mass and the other is the kinetic ener,-y )t the R.F eiec:ronic

box attached to the origin of the boom.

20



The kinetic energy of the boom itself is

I t
Tbm - I R(x,t) * R(x,t) dm (eqn 2.14)

20

I to
- - oR(x,t) * R(xt) pdx

where

dm: differential mass of the boom

dx: differential length of the boom

p : mass per unit length

t :total length of the boom

R(x,t) • absolute velocity of the points on the boom.

The kinetic energy of the tip mass is

I
=Tn M R(f.t) e R(ft) (eqn 2.15)

where

M tip mass

,(t.t) : the absolute velocity at the tip position

The kinetic energy of the R.F electronic box is

Trf 7 02 (eqn 2.16)Tr 2 lrz

where

:rzz mass moment of inertia Cor the electronic box

0: time derivative of angular displacement

Thus the total kinetic energy of the system is

21



T-Tbm- Tun+ Trf (eqn 2.17)

-- R(xt) 9 R(xt) dm
2 .0

+ 2 M R(f,t) • R(t,t)

, 1

2 rzz

F. POTENTIAL ENERGY

The potential energy U of the flexible boom system can be composed of the

gravitational potential energy U,, due to rotation of the system and the strain energy

(or elastic energy) Us of the boom due to deformation. But in our model analysis, we

exclude gravitational acceleration and only consider the strain energy. The potential

energy was determined by the work done by the static weight in the deflection. This

work is, of course , stored in the flexible flexible boom system as strain energy.

In this thesis, we apply mide summation method to expand the deflection in terms of

the normal modes of the system. The deflection of a boom without any external lbrces.

satisfies the lollowing equation of motion. [Ref. 7]

[ EIW"(x.t) I" + pW(x.t) 0 (eqn 2.18)

where

p mass per unit length

El: flexural rigidity

and ' represent the derivative with respect to x. The normal modes (px) of' the boom

must satisfiv the equation

Elpi"(x)]" - (! i  p (Pi(x) = 0 (eqn 2.19)
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and its boundary conditions. The normal modes 9i(x) also satisfy the orthogonality

relation

s0 pi(x) fpj(x) dm - 0 (for j ei) (eqn 2.20)

=M i  (for j=i)

where M i is the generalized modal mass of the i-th mode.

As expressed in Appendix A, the deflection of the boom in the equation A.4 for

the general form is

W(x,t)= (p i(x) qi(t) (eqn 2.21)
i

and the generalized coordinate qi(t) can be determined by applying Lagrange's

equation after setting up the kinetic and potential energies.

Now the potential energy can be expressed as

U , - oEIW"2(x,t) dx (eqn 2.22)1

2 q qqj 10 EIhpi"(x) (pj"(x) dx

Multiplying the both sides of equation 2.19 by (pj(x) and after integration For the whole

boom. equation 2.19 becomes

e
fp j (x) [ El (pi"(x) I dx (eqn 2.23)

= 01 2 Pi(x) (pj(X) dm

After integration by parts and using the boundary conditions, equation 2.23 becomes

f'0 El pi"(x) pJ '(x) ] dx (eqn 2.2.4)
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i& 10 (pi(x) ipj(x) dm

From the orthogonality condition, the equation 2.20 and from equation 2.24, the strain
energy in equation 2.22 becomes

co~ 2  ~(t) 2 (eqn 2.25)

G. D~ERIVATIONS OF EQUATIONS OF MOTION

From the equation 2.13. the dot product of R(x,t) is

R(x.t)9R(x,t) [ ;0' (p~(x) q1(t) + ( p~x(X) q1(t) 12 (eqn 2.26)

+ [0 R,(x)+ 4 ' p(x) qi(t) +~ : P.y(x) q (t 1 2

2 [SP.Z(X) qj(t) P2 );it

=0 ~Y(X)2 ;2+;q ' .i()q(t) 12 + t (p.X~x) ;i(t) 12

+ 2 0 . (x q(t) +~ 2P.X i(x) qpy~)4it

-~ ,~x)2 42 2 + C1 (x) q(] -i~t +X (Y(p() t)2

+ 2 R (x) qi(t) + 2 + pxX ~()~pYx q () j

= 02[ Vp~() q~u 2+ (p(x) q(t) ~2±{~( )q t
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-20 c.y(x) qi(t) i p~x(x) qi(t) + R, (x) 0-

+ 2 R,(x) ;2 ( pix(x) qi(t) + 2 ( pix(x) qi(t) ( P1y(x) ii(t)

+2R W ((x));it - ;2 { '(p.z(X) qi(t) )2

Substituting equation 2.26 into the equation 2.17 and apply orthogonal relationship

soJ (p.*(x) (pjx(x) + (PYx P~)+ }P'x 9zx dm (eqn 2.27)

+ ,(pi(t) (p.'j() + py(E) q,.Y(C) + (pi(E) (pZ'(f) J, = 0 (for i ;e

= Mi (for I~j

then the kinetic energy is

-0~ '' q(t) qj(t) [ -(piyfx) (pX(x) dtn -4 M (pjY(C) (Pj.NC)

2 R(x) dm + M, C

0

+- 42 vi f.t f R (K (PXY(x) dn4 IR J) (PiY(()

__ (j~) q~) +M (jj it

o f

+ 0 r 0- ~x ~()d I ~)~C

2 zz
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By applying the kinetic energy and potential energy expressions ( eqn 2.25 ) and ( eqn
2.28 ), to the Lagrange's equations 2.7 and 24.8 then equdtions of motion will be
reduced as follows. The detailed derivation process can be formed in Appendix B.

O[qj(t) Mi + j0 RX (x) dm+ MRI (eqn 2.29)

+ 2 qi(t) (JO R,(x) (piX(x) dm + M R~(E) (piX(C)}

- 2{ (piz(x) qi(t) ) 2 + M (pz(t)qi(t)) 2 + Ir
0*1 1 zz

+ 2 0 cim( [qi(t) M.j + fR,(x) (p.(x) dm + M R.x(t) (p.x(t) 1

l Yi(t) ( p~z(x) (p~z(x) dmn - M (E) (pz(f) I
01

- SiYx () dm (p (j{ p(xij dmi (xC (.C

o 5 P.Y(x.X) dm -M R.Y(C) (PXY(C)

0'

+- R Y(X) dm + M R~) pY)j=

X(X)(PhX'C)(Ph (x)

+ 5 p. () [hXjx) dm - N (PY() dm + P-(f Pyt

f(-iy(X 20q(Ph')[5q., ) (P() m+M(Ph.x(C)
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9 2 [ q1(t) M~ It~~()9Z~) - M R,(t) gl(t)

+2 1q( JZ(X) Ph(X) dm + M y.IZ() ffhZ(g) )I

* (02h Mh qh(t) -0

(h- 1, 2, 3.......,n)

Now let's define the Following quantities:

MO - 2q(t) M{+J R(x) dm4-+ M R

Mg z - q(t) M . (x) (p.x(x) dm + M R(t) p()

0'

M = - ['~ .~t{fp.z(x p.i(x) )I + M (p X( f) (t)2

cJ R x p-(x) d + M I ,t pi"t
o~q 2 qi ) R(C (p. x

2g =t qj(t) t pX(x) (ph(x) dmn - MI (p,') Vj(P )I

-q J (p. ) (P*(X)-\ (PYv(E) dr Mh(C)) p-"t
0'0

t (PyX) (Ph (x) d n -4 M4 R9i Y() 1t
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2 1fl-(x) 9hfY(x) dm + M ~(fc~t gp(t)

t (Piy(X) (Phx(x) dmn - M viY(t) Phx(t)
01

F 2 [ q(t) M. R,,(x) (pXl(x) dmn - Mt p t

Ch 10
+ 2X qi(t) 7 (.(X) f x(x) dmn + M 9i"() (Ph(t)

F Ch M (h 2qh(t)

Then equation 2.29 becomes

MO 0+ M~q*9 16 t) q. q(t) t (eqn 2.31)

and quation 2.30 becomes

M~hO+ M 6~.(t+ Mqi(t) - F~ + Fe (eqn 2.32)
Ah Mqh h h eh

(h 1, 2, 3......,n)
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III. COMPUTER IMPLEMENTATION

A. INTRODUCTION

To solve the equations of motion, two computer program. Dynamic Simulation

Language ( DSL ) and NAsa STRuctural ANalysis ( NASTRAN ) program are used.
NASTRAN is a general purpose digital computer program for the analysis of large

complex structures. (Ref. 81 This finite element computer program was used in the
modal analysis which determine the mode shapes, generalized modal mass. generalized

stiffness, natural firequency of the LFMR model. Then these properties directly

inputed to the DSL program to get a set of solutions.
DSL is an IBMiVS FORTRAN-based simulation language for digital simulation of

continuous system. [Ref. 9] It is one of the most effective for the solution of

continuous modeling and simulation problem with computational power (automatic
double precision and accurate timing), whether the problem is time based or not.

For the integration method to solve simultaneous nonlinear second order coupled

ordinary differential equations. Runge-Kutta method was chosen. Runge-Kutta tifth

order integration method ( RK5 ) is self'starting, stable and automatically determine
the step-size but this needs excessive computer time.

Two different cases are analyzed. One is the LFMR boom made of Aluninum
Alloy and the other is the LFMR boom made of' Isotropic Graphite Epoxy composite

material ( T300/5028 ( 0,'9045,,-45) S ). The mass distribution of the two cases are the
same. Therefore the boom model of graphite epoxy composite material was stiffer since

the mass density was linear.

B. MODAL ANALYSIS

As previously mentioned, we consider our model as a one body system and we
don't need any compatibility conditions which is necessary in niultibodv dynamics. For

the modal analysis we equally divide the whole boom with fourteen grid points. Figure

3.1 shows Finite element model of LFMR boom. As the number of" grid points

increases we can get more accurate results. But Degrees of" Freedom ( DOF ) of the
system also increases. Fourteen grid point is suflicient f'or our our analysis.

In the modal analysis of' the boom . Modified Given's method ( MGIV ) was

applied and for the purpose oi simplifying the cquation of motion %.e normalized the
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mode shape such that the generalized modal mass equal to unity. From the

relationship of the generalized stiffness, generalized modal mass and natural frequency,

the generalized stiffness Ki is

Ki M 10i2 M i

and reduces to

Ki = 01i

Only the first 2 modes were needed in the 3-dimensional dynamic analysis with

sufficient accuracy.

NASTRAN program is shown in Appendix C and some outputs are tabulated in

Table I and 2 for 3-dimensional motion. Figures 3.2 and 3.3 show the first and the

second mode shapes for three dimensional motion. In Figures 3.2 and 3.3, the left side

figure is the projection to x-z plane and right side figure is projection to y-z plane.

The first mode shape shows there is no in-plane vibration and the second mode

shape shows there is no out-of plane vibration.

TABLE I
REAL EIGENVALUES OF ALUMINUM ALLOY ( 3 D)

mode radians cycles generalized generalized
no. 0i (i mass(Mi) stifhess(Ki)

1 3.384515E + 00 5.386623 E - 01 1.000000E + 00 1.145494E + 01

2 3.568821E+00 .67995E- 1.oI I000000E- 4 00 1.273648E+01

C. DSL PROGRAMING

DSL was implemented for the solution of a set of simultaneous, nonlinear.

second order, ordinary differential equations. DSL oifers a new simulaticn tool that

speeds problem analysis and solution for a wide variety of application. It is adopted br

simulation because it requires less skilllul time fbr problem analysis and provides

quicker, more comprehensive plotting through GRAFAEL and sophiscated 'ine or

print plot. These advantages can translate directly into higher productivity and cost

savings.

30



TABLE 2

REAL EIGENVALUES OF COMPOSITE MATERIAL ( 3 D)

mode radians cycles generaliz ed geralizedno. oi  coi  mass(. .)sti ness(K i)

I 4.287485E + 00 6.823744E -Ol 1.000000E + O0 1.838253E -"l1

2 4.461334E+ 00 7.100433E-Ol l.OOO-1OE + 00 1.99035OE -- 0l

DSL is a high-level continuous simulation language which incorporates VS

FORTRAN as a subset. Because of its tremendous flexibility. DSL facilitates the
solution of nearly all prlblems involving time-dependent differential equations. Thus

DSL readily assists in the dynamic analysis of transient behavior of dynamic systems.
Also DSL is easily learned and applied to many problems in science, engineering.

mathematics and management. Coding is simple, execution is rapid and results can be

displayed graphically. For any one involved in simulation modeling DSL offers

increased power for faster problem solving and the user choice of' nine integration

method ( fixed-step, variable-step, variable-step & variable-order method ).

In our model analysis. Runge-Kutta fifth order method ( RK5 ) was used because

it is self-starting, stable and provides good accuracy. To code the equations of motion.

the equation 2.31 and 2.32 have to be rewritten as follows:

M 0 M q(t) = - MO 0 i(t) teQn 3.1

and equation 2.30 becomes

MOh 0 + Mh q(t) = Fc - Fe- MOqh - (eqn 3.2)

(h 1.2 3 ....... n)

Two ways solving these systems of equations are shown. One uses matrix algebra and

utilizes subroutines from the library LINPACK, the other uses subroutine REGU LRA
provided by DSL. For our system analysis we select matrix algebra because it is easy

to use [or iarge numbers ot variables.
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Figure 3.1 Finite element model oI'LFMlR boom.
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Figure 3.2 First mnode shape.
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Figure 3.3 Second mode shape.
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Using matrix notation, the equations 3.1 and 3.2 may be rewritten as

IMI(X} - {(}

where the matrices M, X, and f are defined as follows:

M Mq . . . . . . . . . . . . . . Mqn

Me, M1  0 ........... 0

M 0 2  0 M 2  0 ....... 0

[M1 =

MOn 0..............

q0

q2
X

qn

- Mq i

F e - Moqn q1

Ft' =

Then
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{X} - [M]-l{f}
00

and by successive integration of { X }, the solution vector may be obtained. Since the
elements of the [ M ] and { f } matrices are time dependent, the { X } vector must be
computed at each integration step. A matrix decomposition subroutine ( DGEFA )
using Gaussian elimination and a subroutine which uses this decomposition to solve a

matrix equation ( DGESL ) are called directly from the LINPACK library. Because
DGESL returns the solution vector I X } in the right-hand-side vector f, the vector

name { X } does not appear explicitly in the program.
The coefficients of [ M ] and f } matrices are calculated in each time step. 0, qi

( i 1. 2, 3,......, n ), deflection and slope at the tip position in each direction were
calculated at each time interval of interest. The graphs of these variables vs. time were

also obtained. The computer program for dynamic analysis is coded in Appendix D.
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IV. RESULTS AND DISCUSSIONS

Computer simulation was done in four areas for double link boom system in
three dimensional motion to investigate the equilibrium configuration and the vibration

amplitude of the tip position. The effects of the spin up procedure on the pointing

error of the reflector is studied; the first analysis was the comparison of the three

different torque histories by maintaining magnitude of torque until rotating speed of

boom reaches to 15 r.p.m. Secondly the magnitude of appllied torque was changed in

three cases for one of three torque applying methods above. The effects of structural

damping of the boom on the settling time is also studied by changing the modal

damping values. The magnitude of the deflection and slope at the equilibrium

configuration at three different rotating speeds are investigated by simulating free

motions of the system with the three different initial rotating speed and undetormed

configuration. Also some comparisons were made For double link flexible boom system

in planar motion in Appendix B.

A. MATERIAL PROPERTIES AND PARAMETERS

For the comparison of the computer simulation results, two kinds of material were

chosen. One is Aluminum alloy 6061-T6 (99% AI-% Mg) and the other is an

Isotropic Graphite-Epoxy Composite material (T300!5208 (0,90,:45 -45)S). [Ref 101

Same mass. same length of each !ink, same outer diameter was used for these two

materials. Size of the electronic box is I ft. cube. The properties of the materials and

some geometric parameters are given in Table 3 and Table 4 respectiviy.

B. EFFECTS OF TORQUE APPLYING PROCEDURE

Three cases of torque applying method were chosen without damping lor
comparison. To maintain 15 r.p.m of rotating speed. we select the maximum magnitude

of torque is 10 lbs-in. This value may be appropriate to maintain 15 r.p.m in 20 to 7()

seconds.

In the first case. 10 lbs-in torque was abruptly applied from the begining. This

method is uniikely in the real situation but we chose this ease !'or comrarison ?ur7,ose.

In the second case, torque was parabolically applied until reaching 15 r.p.m then cut

off :.ibruptiy "o .). Finailv torque was .10piied aiict manner as case 'WO -m' t inearly

decreased to 0. Figure 4.1 shows three different spin-up schemes.
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TABLE 3
BOOM PROPERTIES

PROPERTY ALUMINUM ALLOY COMPOSITE

specific weight ( y ) 0.0980 lb in3  0.0588 lb in'

modulus of elasticity ( E ) 10.IE+06 psi O.1E-+06 psi

modulus of rigidity ( G ) 3.7E+06 psi 4.IE+06 psi

poisson's ratio ( v ) 0.360 0.250

outer diameter ( rI ) 3.0 in 3.0 in

inner diameter ( r- ) 2.7312 in 2.5362 in

thickness ( t ) 0.1344 in .2.319 in

cross area (A) 1.21012 2.0168 in2

mass per unit length ( p ) j .0690E-04 lb in 3.0690E-04 lb. in

area moment of inertia ( ) 1.2447 in41 1.9-451 in4

polar moment of inertia ( J ) 2.894 in4  3.8902 in4

In these three cases angular displacement 0 was changed parabolically as shown

in Figure 4.2 while torque is applied, then linearly increased as torque was cut off. The
cases 3 and C are almost indentical and overlapped in the Figure -4.2. Aniular

displacement was equally increased with time for aluminum alloy and composite

material because total system mass is same. As shown in Figure 4.3, aneular velocity 0
varied linearly with some oscillation in the begining for the first case because torque

was suddenly applied, then it gradually decreased until reaching 15 r.p.m. Alter cuttifn
off applied torque, 0 oscillates periodically because the boom dellects to the positive x-

direction and the concentrated mass center moves to the rotating axe . this nieans

radius of rotation decreased and moment of inertia also decreased. From the

conservation of angular nomentun.

It0 = m r2 0 - constant
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TABLE 4
GEOMETRIC PARAMETERS

PARAM ETER VALUE

C, ; length of lower boom 168 in

t2; length of upper boom 144 in

a ; angle between C! and x-axes 70*

3 angle between tj and CN 1260

M ; tip mass 37.5 lbs

M r.; mass -of R.F electronic box 5O lbs

So as the tip position changes, 0 varies with reciprocal of r. Theref'ore angular

velocity oscillates periodically.

In case two and three, 0 increased smoothly without oscillation until reaching 15

r.p.m then it had relatively small oscillation as soon as torque was removed gradually.

Figure 4.5 shows the angular velocity of the Aluninum Alloy boom in niagnilied scale.

For the composite material as shown in Figure 4.4, magnitude of oscillation was much

smaller than that of aluninum alloy so it looks no oscillation. But manilied ancular

velocity of constant part shows obvious oscillation in Figure 4.6. 1 ,res 4.7 - 1.10

show the variations of the generalized coordinates q, and q, respectively.

During rotation delction in x-direction was doninated and dellection center

reaches to its equilibrium position in x, -direction :hen oscillates harmonically as

shown in Figures 4. 11 and 4.12 but displacement in v-direction was rapidly increa':ed at

the begining then decreased gradually to 0 and as soon as applied torque was removed

it oscillates harmonically as shown in Figures 4.13 and Figure 4.14.

Characteristics of'displacement and slope at the tip position is very similar to its

generalized coordinates, and the generalized coordinates q, in Fligures 4.Q and 4.10 was

dominated lor the system dclction. I)isplacenient in z-direction xi as shown in I igure

4.15 and 16 for two material hooms. l)iplacenient and slope change as 1how"n 1
Figures -1.17 - 4.22 was apparently dilI'erent Irom case A and case 13 out alter cutting
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off the torque its characteristics of deformation was not much different. For the case

three deflection and slope increases smoothly while torque is applying then as torque
was removed it reaches its equilibrium position and oscillates with small fluctuation

error.

Figures 4.11 -4.24 show displacement and slope at the tip position in each
direction for aluminum alloy boom and composite material boom.

As we mentioned previously, we are mainly interested in the pointing error at the

tip position in both elevation and azimuth. For the composite material boom. all 3
cases were satisfied the pointing error requirement ( elevation and azimuth angle error :

0.03280 ). But for the Aluminum Alloy boom. torque applying case A and case B were

not satisfied the elevation angle error requirement. Figures 4.19-4.1.22 show the
characteristics of elevation and azimuth angle variation, and in Figures 4.23 and -4.24,
the effects of torque applying procedure are compared. From these results, pointing

error at the equilibrium position depends on torque removing procedure. As we see in

Figures 4.23 and 4.24. pointing error in case A and case B is almost same but it is very

different in case C and pointing error varies more sensitively with flexible material as

torque removing procedure varies. Consequently, if we apply the torque more gently

and remove slowly with sufficient time, the pointing error both deflection and the slope

can be reduced to much smaller values.

C. EFFECTS OF CHANGING MAGNITUDE OF TORQUE
In this section we investigate the effects of the maximum magnitude of applied

torque. For the simple comparison, we select second case of torque applying method

used in previous section. Magnitudes of torque chosen are 10 lbs-in. 20 lbs-in and -40
lbs-in as shown in Figure 4.25. As the magnitude of applied torque increases 4 times.

applying time was reduced to almost one third. All characteristics are same as the

second case of previous section for 3 cases shown in Figures 4.26-4.36 but magnitude

of pointing error increased linearly as the maximum torque increases as shown in

Figures 4.37 and 1.38. Figures 4.26-4.43 show angular displacement. angular velocity.
generalized coordinates, displacement and pointing error for the boom made of

Aluminum Alloy.

D. EFFECTS OF DAMPING COEFFICIENT

In this section, we will investigate the damping effects for settling down the
vibration of" the boom. As we mentioned before, in the 3 cases of torque applying

40

a . -.



procedure, the second case did not satisfy the pointing error requirement in elevation

angle. We will not mention about the first case because it is unlikely to be used in real

situations. For the comparison purpose, we arbitrary choose 3 modal damping

coefficient such as 0.2 %, 0.5 % and 1.0 %. To see the results more clearly, we

simulate the model in 200 seconds. Figure 4.39 shows the spin-up procedure used in

this analysis. Figure 4.40 shows vibration settling down ratio during the first 200

seconds. In this Figure, it is hard to recognize the eflects of all 3 cases but in Figure

4.41, we can clearly see the vibration settling down for each case.

Two trials were made for investigation. Firstly, we tried to find how much
vibration was settled down in 200 seconds lor each damping coefficient. Secondly, we

found how much time was required to meet the pointing error requirement for each

case. Figure 4.42 shows elevation angle pointing error decreasing ratio in 200 seconds.

Each value stands for magnitude of pointing error ratio to its initial value which is the

magnitude of pointing error without damping. As shown in Figure 4.42 pointing error

decreased exponentially as damping coefficient increases linearly. Figure -4.43 shows

desired time to meet pointing error requirement 1or each damping coefficient. .s

damping coefficient increases linearly, desired time decreased exponentially.

E. THE EQUILIBRIUM CONFIGURATION AT DIFFERENT ROTATING

SPEEDS

Initial conditions were given for 3 cases such as 5 r.p.m. 10 r.p.m and 15 r.p.m

with damping coetficient of 2 "0. From this result, we could investigate the magnitude

of deflection in each direction and slope at the tip position. Figure 4.45 shows angular
velocity ( rotating speed ) variation with uine. .\s the initial rotating speed increases.

magnitude of oscillation was aiso increased and the rotating speed at the equilibrium

state also increased. As we mentioned in section B. angular momentum is constant in

the system since no external torque is appiying. Therefore as the boom deflects :o :he

positive x-direction, radius of' rotation decreases so angular velocity increases

consequently. Figure -1.45 shows elevation angie change and its magnitude ot"

fluctuation change. .s the magnitude of initial ;peed increases linearly., elevation anglc

change and magnitude of" fluctuation increases exponentially. This result is shown in

Figure 4.47. Magnitude of deflection in x-direction and z-direction was also increased
as the rotating speed increased as shown in Figures 4.47 and -4.48 respectiveiv. Vhis

effects was more sensitive f'or ,he flexible material hoon. The oscillation ,)t" azimuth

angle centered at
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Figure 4.2 Angular displacement vs. time.
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Figure 4. 16 Displacement in z-direction vs. time ,COM..

57



'I "

if
\a

iNI NOlISOJ dIl 1U NOI.0'1I-30 JO 3OLINO

Figure 4.17 Magnitude ot'deilect'ion at tip position vs. time AL. .

58

b ,""."'. ,, .' ., '"" " ." - .", .," ", " ,".' "''.- ." .-". ."., '-"-" . "- .-'- ,-"-",'"-" "{ -" ."C 
'
- ".." - . - o, .



4b 16 4

IN OIi O .. W 0133 S 01NU

Figre4. S ag iIueo'elcina i oiinv.tm O 1

59i

L~w6,j-4 =



39NW 33WNIIA

!a
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Figure 4.20 Elevation angle change vs. time ~,COM. )
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Figure 4.23 Pointing error in elevation angle vs. torque applying procedure.
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71



- 3

-m

I ~ -

Ii
a

~ ±7-" '3

a

It -~------------.--

a

a-n - - - - - - -

-

'a

(NIINOl~3~IO.X NI ±N3I4~WSIO

Figure 4.31 Dispiacement ~n x-direction vs. time AL. ). .

72



'0 IW
IN NIou

Fiur 432 Diplceen i -dieto vs- ie- L

73a



4c

474



IIM,

zOJG 41 I013A I NDA

Fiur 4.. antd-fdfcto a i oiinv.tm L

'I-5



(I 1

,---" i
-- '-.

_--a

..- --.-_- ---

9(o303Nl~M34 3"t "3 IMA3'..13

Figure 4.35 Elevation angle change vs. time ( AL. .

76

I

* ' """' % ' % -"'% " .. '" " . ",**"' " . " 
°

- % - " • - - - "•*.*-' -. ,- -1



Fiur -.3 Azm t nlecag s.tm L

-4 77



'SJ

IC
.............

zI

0I

9WO 9i.00001

92a OHHSrMN NOLVAI

Figure4.J7 ointig errr chace inelevaion agle v. maitueo tr L

78I



0:

R f ..

iI

92 ao •myR yz

Fig.ure ,4.38 Pointing rror chiange€ in azm uch ang~le vs. magntude oltorqlue A .L. )

"79



IDI

mm

ca

..x

' N " 3rC0.I 031 1"W

Figure -4.39 Applied torque vs. time with damping ( AL. ).

so

... . ...,,... .. . -.. ",,". "..".. ,.,e~a:,_.. . . .,' '.V. v' /, -'., .,.-. .--- ,- .-'... \ ",".", ,-'.' -' .:-.-%* . ... "( ,'; ,.%



Ca

81W



Swa6

gom

- ak
- - IC2

43; C;diC

(50 1IJN IM1 31 %

Ficre 4-1 M~ml-ld cevtio uglevs unc xihjanpig iAL



e -

o 0

cz0 qi

ii
00

w T w O
009NSY 3 ilk

Figure 4.42 Elevation angle error decreasing ratio in 200 sec. vs. damping coeficlent.

83



0

0

I

0

Figure 4.43 Desired tinme to meet elevation angle error requirement vs. damping cocilicient.

84



aa

( II

(I III

(" I "

/" I "

,2 a

C-



I -I

- - -- - ---- -- -

- l.. -== - um -. - - - - - -

------- -- -........ . -
- a

Figure .. 45 Elevation angle change with damping ( =2%)vs. rotating speed (AL. )

86



CAb

>, .............. ........................ ...

0 0

(oza )oYH rrr i.~SoN Noun=Y!

Figure 41.46 Elevation angle change at the equilibrium position vs. rotating speed AL. )

87

% .'.'2



C12

..... ~............ ............................. .................... ...... .0

S.

III' I........ ..7..

.......... ....o............ .o............ . , m ooo.. o ........ o )

I *

03 00

(i) Nowm~icI-x mi NoLLmrIdm

Figure 4.47 Deflection in x-direction vs. rotating speed ( AL. ).

88

S



*

cn
.................... .... ..................... ........ .................. .

Na

CAO

a 0

0 '! 'I0 '.0
MI )Oa.3 ia-Z NI NOIa, za

Figure 4.JS Deflection in z-direction vs. rotating speed .\L. ).

S9



V. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS
The purposes of this research are to investigate the the effects of the flexibility of

* the LFMR boom on pointing error of the reflector in elevation and azimuth angle and

to identify the parameters which are important in pointing error. In this study, the
effectiveness of the application of Lagrange's method and mode superposition

techniques, computer simulation techniques are also investigated.

The results indicated that the Lagrange's method and mode superposition
technique was very effective for this double link boom model analysis. The effects of

flexibility of boom was sufficiently expressed with few mode and the boom flexibility
was very affective in pointing error. As the material becomes stiffer with light weight.
its pointing error becomes smaller. The torque applying and removing procedure is

very important to the magnitude of pointing error. If we apply the torque gradually
until reaching desired rotating speed and remove slowly with sufficient time. we can

reduce the pointing error to much smaller values within requirement. The vibration
settling time decreases exponentially as modal damping coefficient increases and the
pointing error is linearly dependent on the magnitude of applied torque. The deflection

in each direction and elevation angle change in equilibrium condition increase

exponentially as the rotating speed increases. Sensitivity of deflection depends on

flexibility of the boom.

B. RECOMMENDATIONS

In this research, we regarded the deployable reflector as a concentrated tip mass.

In this case. we dont need consideration of the flexibility of the reflector but in actual

model the flexibility of the reflector will affect the accuracy of the pointing error.
therefore flexibility of the deployable reflector has to be considered for the future work.

As we have seen in the comparison of two material boom, the flexibility ol' boom

was very affective in the pointing error. Stiffer material with light weight will play
important role in the reduction of pointing error of the flexible boom.
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APPENDIX A
DERIVATIONS OF THE EQUATIONS OF MOTION

In this Appendix, we develop simplified dynamic equations of motion for 2 cases

of the boom system with tip mass.

The large motion caused by rotation and the small motion created by elastic

deformation will be expressed by generalized coordinates then apply Lagrange's

equations to develop the equations of motion. In these analysis. the local rotary

inertia and shear deformation of booms are neglected.

From the equations 2.7 and 2.8 Lagrange's equations are

d OT OT OU
[-- - + - (eqn A.1)dt C0 ]  6-0 + 0

and

d OT OT OU
- -+ - = 0 enA2

dt qh q - (eqn A.2)

(h= 1,2,3 ...... ,n)

where

0 the generalized coordinates of the large motion

qh :the generalized coordinates of the small motion
1 : applied torque to the system
n: number of modes (or number of degrees of Freedom)

I. SINGLE LINK BOOM SYSTEM IN PLANAR MOTION

a. Geometry of the s.stem

In model analysis, since the extension deformation is ncgligible, oniy the

bending deformation is considered in the anll'sis.
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Figure A. 1 Parameters of the single link boom system.

M: tip mass
r mass of electronics box

leng-th of the link

applied torque

e(t) angular displacement

6(t) angzular velocity

R.I(x) position vector in local x-direction

W(X,t) deformation vector of boom

R(x.t) . position vector of the point on the boom after deformation
i unit vector at locai x-dircction

j unit vector of local y-direction
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k :unit vector of local z-direction

i0 : unit vector of global X-direction

J0 :unit vector of global Y-direction

k0 :unit vector of global Z-direction

b. Position and velocity

During rotation the boom deforms and the positions of' any point in the

system can be expressed the vector sum of a vector RI(x) from the origin to x and a

vector W(x,t) caused by deformation. Then the position vector R(x,t) is expressed as

R(x,t) = RX(x) + W(x.t) (eqn A.3)

where R (x) is only x dependent variable

so

R.,(X)= RY(x) i

and W(x.t) is deformation obtained from modal summation method

then

W(x.t) = -('p(x) qi(t) teqn 2.21)

ri
where

pi(x) is i-th mode shape function

qi(t) is i-th mode generalized coordinates

f we consider the dcformation of the boom consists of ransiation and extension. :hen

equation 2.21 becomes

W (X.t) _ [ -iX ) qi(t,  i 4- (piY(X) qqt) j 1 eqn.\.

where
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iX(x) i is i-ih mode shape function in extension

(piY(x) j is i-th mode shape function in translation

From equation 2.21 and A.4 the position of the point on the boom is

R(xt) = R (x) i + [ piX(x) i 4- (pif(x) ii qi(t) (eqn A.5)
X

Now the velocities of the point on the boom is necessary to formulate the

kinetic energy to apply Lagrange's equation. The velocity is obtained by simply

differentiating the equation A.5

then

R(x,t) = Rx(X) i + ' ' [ (Pi(x) i + (P1 (x) 1j qi(t) (eqn A.6)

+ i' [ p.X(x) I 4- (p.Y(x) I] qi(t)

S[R + - ti-(x) qi(t) Ii + . PiY(x) qi(t) j
i i

But time derivative of unit vector i and j are

= ~k x i

j= k x j= - i

k- k x k--0

substitute these quantities to the equation A.6 and simplify

then
* "

R(x.t) - px(x) qi~t 0 j - 0 p iY(x) qilt) i (eqn A.7)

4- 7-..(iXx it) i - S piY(x) !if t)

= [ S (PiX(x ) - o)  7 pjy(x, qi(t) i
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+ [ Rx(x) 0 + I D (ix(x) qj(t) 4- # (x) 4 (t) I ji i

c. kinetic energy and potential energy

Recall the equation A.7 and drop the all terms concerning (piX(x) and express
qiPY(x) simply (pi(x)

then equation A.7 reduces to

R(x.t) - R, Oj - 0 ( pi(x) qi(t) i + 'p piy(x) qi(t) ] (eqn A.8)

= - 1" (pi(x)qi(t) i 4- [ Rx(x ) 0 - (' p(x) i(t) J
i i

From the equation 2.17, the kinetic energy of the whole system is

T -Tbm + Tun + Trf (eqn A.9)

_R(x.t, * R(x,t) dm

1

* + 2 M R(tt) * R(t,t)

2 zz

*but

1 (x.t). (x.t) = [ - 0i _ pix (t) l2 4- R,(x) 0 + p q(x) qi(t 1 ien A III

= 62 '' (pi(x) q1 ,t) 12 + R tx)0] 2

,2 0 W P(x) q,(t) - [ V p((X) yt )

and
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I! 9(x) q.(t) 12 - f y, 2(x) q1
2(t) + 2 ( y1(x) ipj(x) qi(t)q1 (t)

[ 4p,(x) ji(t) ]2 - 4 y1
2(x) j, 2(t) + 2 f y(p 1(x) qi(t)*j(t)

(for i;ej *0)

Substituting into equation A. 10

then

R~~~Rxt) = '[ pi2(x) q(2(t) + 2 7 pi(x,) (p.(x) qi(t) q1(t) (eqn A. 11)

+ R1
2 (X) 021+ 2 R (x) 0 V wi(x) qi(t)

ij

(for i~j

Now equation A.9 can be rewritten as

T L62 Vq2-(t) (Pi Wxkir+ M pi (t)] (eqn A. 12)

1 0
, C

+ 4pV ~) q.(t (Jp.(x) p.(x dm + -M I (p(C) p()

+ ;21C X2(x)dm - NI 2 ()]

e i

+ V q(t) q.t)Ix (x (p(x) dm + %I p(t) (p(t)

-1 J 0 i 96



+ 1 2 (for i~j)
2 rzz

From orthogonality relationship

5 pi(x) (pi(x) dm + M (pi(x) p.(C) = 0 ( for i x j ) (eqn A.13)
0'

= M i  ( for i=j)

where M. is the i-th mode generalized mass, then the kinetic energy of the system can

be simplified as follows

1 * * 1 [ l2t

T - qj-2"qi'(t) Mi + -7- q(t) M.I (eqn A.14)

+ I r 6

2 0

+ 0 t j0Rx(x) o(x) dm + M RM(fp(t) I

From the equation 2.25, potential energy is

U 1 ,2 ,
U 2 - i Mi qji(t) (eqn A.15)

d. Lagrange's equations

Substitute equations A.14 and A.15 into equations 2.19 and 2.20 to apply

Lagangie's equation,

then

3T
-=0
eo
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- 0 q.2(t) M1 + 0[ R,,2 (x) dm + M R'(t)]

10 R.(.)op~)d + M R~)(it
+1

=['q. 2 (t) M + R ()dm + M R ,() + 'rI 0 zz

+ 1() R ,(x) (pi(x) dm + M R) p(t) i
so

d T t
9[ *It) + R jx)dm MR~2

dt 8u ox * 0 lz

+ 2;73 q(t) qi(t) Mi

+'qi(t)( R(x) p(x) dm + M R~)(it

au Ou d a8 0
00 OT dt O

OT=o qh(t) Mh

7ql= %(t) Mh +I 0 J R(x) (pi(x) dm + M Rx(t) (C)

d OT so go
=qh~t) Mh + 0[ foRx(x) pi(x) drn + M R,(C) q1j(C)dt 0
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7q = 01-h N1h qh(t)
&h

eU d OU
- = -1 - I = 0

~h dt cqh

From all these quantities. equation A. I becomes

z

x 0 [ q'(t0 N + + R. m I R,(0 + I (eqn A.16)
W rzz

z
W

+ ,j _i(t) qi(t) \i + S q(t) [ R k i(x)dm+ ! R(C)W)t)] =
z 0 x
hii
w

0
and equation A.2 becomes

I-

Oj-[ R(X) (h(x) dm + M R (t) (Ph(() ] + q (t) Mh (eqn A.17)

0

I, - 0'- qh(t) h h h q(t) = -h 2 h M h h (t)

(h = 1,2,3,...... n)

In the equation A.16 and A.17. if we select n numbers degree of freedom of

the system, that is, if we select n numbers of mode shape, we could have n + I numbers

of equations.
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2. DOUBLE LINK BOOM SYSTEM IN PLANAR MOTION

a. Geometry of the system

A of- WV(x.Q 1

z
a.

R(x.t) IX

I-

(.( t)W~. RO I (
0

0

Z ko

Figure A.2 Parameters of the double link boom system in planar motion.

M : tip mass

m r : mass of electronics box

SI : length of lower boom

£2: length of upper boom

P: angle between two links

T :applied torque

0(t) angular displacement

6(t) angular velocity
Ro(x) position vector of the point on the boom in the local x-direction

1(0



R(x,t): position vector of the point on the boom after deformation

W(xt): deformation vector of boom

i :unit vector of local x-direction

j :unit vector of local y-direction

k unit vector of local z-direction

io :unit vector of global X-direction

Jo :unit vector of global Y-direction

"ko  unit vector of global Z-direction

wZ b. position and velocity

X In this double link system, we have to consider the extension deformation as
hi

well as the bending deformation.
z
W The position vector of a point on the boom was expressed as a sum of R(x)
z and W(x,t).
hi

> Then
0

I-

4 R(x,t) - R0(x) + W(x,t) (eqn 2.9)
W

0 wher

reer

iI R0 (x) = Rx(x)"  + Ry(X) (eqn A.lIS)
2: if Y

= R(x) i + RV(x) j

From equation A.4 and A.18 the position vector of the point on the boom is

R(x,t) = R (x) i + R (x) j + [i(x) i+ ViY(x) j ] qi(t) (eqn A.I9)

Now by differentiating the equation A.19, we obtain the velocity of the point on the

boom.

R(x,t) = R (X) I + Rx j + 1 I i(x) i+ (iY(x) j i ti (eqn ..\.20)

+ VI [ (piX(x) I + (PiY(x) I qi(t)
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Substitute the time derivative of unit vector to the equation A.20 and simplify
then

R~x~t) -(-0R(x) + T p "(x) qi(t)}) + ' (pxx qi(t) 11(eqn A.21)

+ [R(X) 0 + 0 V~i-x(x) qi(t) + V Tiy(x)q(tJj
j

w c. Kinetic energy and potential energy
z Fronm the equation A.21
A.

R(x,t) R R(X) + (Pyx it + (j"x it cnA21

[R + R 0 + 0 Vpi.(x) qi(t) + Vipy(x)q.tJ

0
13S

The dot product of R~~)is

0

;2~xt R 2(x)t + 2 R( R(X) + (piy(x) qi(t) + (eqnx qj.()3))
oY

- A R, (x + zsiyx qit + .pix) q~t) I- + (p1-xx q(t)

=R (x)~ + 2 RXi ('p.'(x) qi(t) + T px(x) qi(t) }

- 20 R (x) + V Pix(x) qi(t) }Vip.(x).(t) I + (P(pX) L.c)(t)j

( 21Rx) + 2% () + Px( q(t) ' R,(x (P' (x) R() 2P jX

+ 201 R(x) +t 2 +i(x q(tj() qi ~() 2.t

- a - a1a2



+ 20 qi(t) ;i,(t) [ R.,(x) + (px(x) } Wiy(x) R (X) + w(P).X~

+ [ N' 9p,,(x) qi(t) ~2 + S'p.y(x) qi(t)} 2 ]

From the geometry of the system

RX 2(x) + R, (x) = R 2 (X) (eqn. A.24)

R~ (C) + R:(1) =O P 0 (t)

w

z
w Substituting equ~~ainA2 noeuto .3adapyteeuto .

z the kinti energyis
T w-0i (~m+M+J~)p~~.t) en.5

I

w t
>~ T 0-' 1.() ((x) (p + )N R () (piY(x) )dm ) en .5

2 2+-(Ji~x q('(X dm() + :pxCqit
20

+ N pi ( (t~() q ()) - ,q(t)) 2

* C
CK + 27S qi(t) 1 f0 R,(x) (pYx(x) + RY(x) (piy(x) 1dm

2 0

+4 NI lyE) Y() + Rj (C) (pj((C) 2

+ 4(t) R( x i'x ()v'(C) )dm

9: (x~() (p.(x) - jx)p"( d
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+ N1 ((piX(() (p.'() - (p.y(C.) (p.l"(1))

2 zz

Now let's apply the orthogonality relationship

Solt (P.X((X) pjx(x) + Ty(x) (p.Y'(x) ) dmn (eqn A.26)

CL+ M It (pix() (p.((~)+ fp.Y(f) wPj(~)) =0 (for i j)

A Ni for i1j

I

z M to the equation A.26 then
Wi

0

1 2,T 9 [ R0
2 (x) dmn + M RO()+ V'q(t i(eqn A.27)

(2 SO0

3 ~~+ 2 qi(t) (JS ( Rx(x) Tix(x) + R W(x) x )d
0

W + 2M( R,(L) Vix(t) + R,(t) pi(t)) +* 'r0: zz

+ -V q/(t) M,

+ 4iq(t) [ R Wx)(py(x) - R (x) px))dn

+ M .( (piy(t) - R Y(f) }i~t

+ qjt) II Vx(-x) (p~~x) - (pyx j(t)) dm

+ - l(p vj(f) p(C) - Py( ix)

From the equation 2.25, potential energy is



2 = ~ N'- qj1 (t) (eqn A. 15)

d. Lagrange's equation
Apply Lagrange's equations A.!I and A.2

then

z
w 0'

x 0~~ RO-ix) dm + NI RO + q t

z

I + i~t R (x) p(x) + R W(x) P iy(x) )d mn

0 + 2 M ( R (C) (p;(1) +- RN.(() VjY() ) + Ir
x rzz

oi~ I '~)jo R(x) py(x) -R(x) W.x(x)}dni

0i +

0 M q.(t) j (Xj) -p'x - pYRYp()d

+4 M xp()~.()- (p.Y(x- E Vp.NE) TjI )d

d OT 06rt
=. 1 2R(x) dm + M RI)+ qi-tM

dt ~000t

+ 2 Vqi~ 0 R(x)p.i"((X) + RY(x)(p.Y(x) ) dm

+ 2 NI RX(f) Vix(f) + R ()(i~) + I

+ 20 i q(t) 1 i

*+ 20q{ ( R,(x) (pi(x) + R (X) (P.y(x') .din
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+ 'q(t) [fJ RX(xfl(p.'~x) - Ry(X) )(p.x(x)})dmn

+ Ni Rxj(E pyjy) - R)( I) (px(f)}

+ qj ((t) J ( pjX(X) (p.y(x) - VpY(Xxf)d
0

+ N (Px) (P'(j) - (p'( [)qp.X(f))]

-w

2.U d u~

eo e dt eo
I-
z

z OT

w 0[qht)\h+ ,x) (pix(x) +- R,(x) (p.>(x) )dmn

M. N R (C) (pix(E) + R(2)PY))

+ q.i(t) [J( p,(x) (p2y(x) - phy(X.) (pix(x) dm
0

Nv-' (Ph(~ (py(f) - (Phy(Lt) (piX(12)

O3T f 1
- =0 S () (x pY(x) + R(P) (phX(x)) dm

cqh

+ M~ ' ( RX(t) Th'C - R Y( h()}

+ qj~t) ( cpjx(X) (P 'X - (p'"(P(d

q/t)(f +0 %) h ) dmh

- i NI f(pX'(1) (pi(t)-(p( ' }J+ 4

d tl T o - f
- -- = 0f [ lo' (ic) cn1.'(\) + R,,(xi yh'(\) din

d t Cqh A~

+-M(- NI l 9 1 1 h - R()(h(

p .. P1-s



+ mIt (pX,(C) (piY([) - (Pjy(E) +p() 1 qh(t) \ 1h

0'qj(t.)I' PJ, )(P (\ (pjy\x p( din

+ -1 = P V Th*( (P-xh~ +q11(t)\l

z

z

m C U d OU
w ~- = -[--1= 0
>q 04h t Cqh

0

o Plug these quantities in the equation A.1I
w
U then
D
0

w01 So RO-(x) dm + M R(E + qj q 2 t) m1  (eqn A.2S)

+ 2 '~q.(t) J o ( R,(x) (pix(x) + R ),(X) q) . (x) )dmn

+ 2 M (RX(E) (p.,([) A- R Y(t) (Piy([) + A-1z.

- 2 jq(t) qi(t) N1.

4~- 2 0 ~'q.(t) 6 ( Rx(x) (pi-x(x) + R Y(x) (P.Y(X) ) tm

+2MN1 RX(f (pix(f) + R)(C) (Piy([)) + Trz 02

00 (t) , (\ ) (p (x) - (pjN(x) (piX(1) ) dim
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and the equation A.2 becomes

o { Rx(x) phY(x) + Ry(X) phx) )dm (eqn A.29)

+ NI (Rx(t) R - R,() ThX(t)

+- X qj(t) ( 0( j (x) phY{x) - piY(x) w'hX(E) dm

z + .I (jx() (jy() - (pjY(C) p.j(j) } ] + q (t) NI1
a.

U- - 02 [ qh(t) Vih + { ( Rx) gp-X(x) + RV(x) h dm

I-

z + M Rx(C) (p.h(f) + Ry1) EPh(C)) 11

0 20 j q t) [ 0 SO ( X; (hY(X) -- (jY(x) (hx(X) }d
0 X\ *i I1dm

0 + kN {p.j(t) hy(C) - jy() TOhX(E) ] + (,-h Alh qh(t) = 2 C.Wh Nlh h (t)

U0 (h = 1, 2, 3,. .. . n)

e. Results

Table 5 and 6 show the eigenvalues of Aluminum Alloy and Composite

material boom from NASTRAN simulation results and Figure A.3 shows first two

mode shape of the double link boom in planar motion. As shown in Figure A.4,

applied torque to maintain 15 r.p.m of rotating speed increased to one hundred times

of the torque that applied to the same boom in 3-dimensional motion because its mass

center is far away from rotating center. Angular displacement change with time was

almost same as 3-dimensional case. Displacement in x and y-direction was much bigger

than that of 3-dimensional motion because tip position is far away from the rotating

center and concentrated mass attached to the tip.

While rotating speed increases, boom deflects negative v-directior, and positive

x-direction until reaching its equilibrium position. After cutting off torque. boom

remains equilibrium position and osLillates with some amplitude. Magnitude of

IOS
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deflection at equilibrium position was about 6.2 inchs and slope at the tip position was
2.3 0. These values are much bigger than that of 3-dimensional motion but it is quite

natural bccause of its big radius of rotation.

Figures A.5 - A.12 show angular displacement, angular velocity, generalized

displacement, deflection in each direction, magnitude of deflection and slope at the tip

position respectively.

TABLE 5
j- REAL EIGENVALUES OF ALUMINUM ALLOY ( 2 D)
U/1
Z

x mode radians cycles generalized ceneralizedW no. Wi imass .\i) tilness( Ki)

Z

w 1 3.650SS 16E +- 5.6799-47E -01 l.OOOOOOE + 00 1.273645E + Ol
Z

C, I 1.96733E+Ol .S595S9E + O I.OOOOOE + OO 3.22824SE+02

0

TABLE 6
w REAL EIGENVALUES OF COMPOSITE MATERIAL ( 2 D)
U

o mode radians ccles generalized eeneralized
A. no. (I)i mass(.Mi) jtiflhess ) K)

I 4.46132SE+Of) 7. 0o423E -01 1.OOOOOOE + O0 1.990344E + 0l

2 2.246115E + Ol 3.574S-E + 0 .OOOOOOE+00 5.045035E +02
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APPENDIX B

DETAILED DERI VAT1IM k~I ~ ATOlFOtHE

Apply Lagrange's equations 2.7 and 2.8 into equations 2.28 and 2.25

then

T-6 0 * ()M + J Rx(x) dm + M xC

+2 qi(t) ( J R (x) pix(x) dm -+ MI Rx(f) (p.x(t)}

AnI,\ \ + M (pzf qit )2 "+1

+ q1(t) qj(t) ( (p.X(x) (p.j(x) dm + M (p.x(t) (p.y(t)}
11 01

+ qj(t) (5 R.(x) pyy(x) dlm + M Rx(C) (pjYjt)}

d OT t-

dt-~-- O[qi2 (t) m1 + J()R, "(x) dm + M Jj

+ 2 qi(t) 50 R,(x) 9jx(x) drn + NIv Rx(f) (p.x(t)

(p z(x) q.t M , (pi~j) qi(t) }2'

+ 2O q1(t)q(t) -i + f R ()i(x) dm + N1I ()(ij

2 1t 'qj(t) (p~z(x) (P.z(x) drn - NIv (piz(f) '()-Iq1 jP )(Y()dn+IcpC)p.()
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so (i( p ".(x) dii - %I (pjA(C) (p.X(f)}

-JRx,.x) (piY(x) dm - \MR( y (

q1~t) %li + S x (piX(x) di + NI Rx(f) (pi([)

0

z
CL~ qi(t) *(x(\ dmn + \1 (() (C }1

LU

Iz

w ( ) '\ 'fl ( (X)i - \ (P' ()d (pi((f (I '

Z 0
1w

0 ~q.t (p.(x) (p() '
4

'I\ 'I)

_ 0

- f = ~ d%(t) P>)~hC10 e ~ 0

CLC
it jw dndi + NI R (() (1 (pyf

d OT s
z- I h(t) Nlh

dt cq h

S0 [ ': qi(t) f (P ix) (P X) din +- %' (pi(t ( f Ph C)



0JR(X) Vh 'X) dm + IR((p()

- (p~)(Px din (X dil (Pi'((( (() Py

.- - ut - f-

z

It 2 L...=(0~ Mb q (t)

0
0

O d OU

Uhh

0 Now plug all these quantities in equations 2.7 and 2.8
a-



APPENDIX C
NASTRAN PROGRAM FOR DYNAMIC ( MODAL ) ANALYSIS

1. DYNAMIC ANALYSIS IN PLANAR MOTION

S Doable link flexible boom for dynamic analvsis( 14 gid points:)
S in 2 dimension space with tip inass (37.5 15. )iinkl 14 llink2:1 ft
S Material:aluminum alloy
S

S
S EXECUTIVE CONTROL DECK
S

S
id kang.dvnamics SN-ROSS
sol 3
tine 10
dia2 8.13
cerid
S
S
S CASE CONTROL DECK
S
S
title = Modal analysis of double link flexible
title = boom in p1inar motion(Aluminum alloy)
echo = both
method= 120spc= 101l
Jisp =all
output( plot)
plotter nastran
axes z.x.v
cscale= 1.8
view 0.O.0.
paper size 14.0 by 10.0
set I= all
lind scale. ori2in l.set I
plot modal de'ormation,0,set l,origin lshape
maximum deformation 5
bezin bulk

S
S BULK DATA DECK
S

S
S Define new coordinate system for convinience

Scord2c. 1..O..0.0,0.,0.,L.,1,+ 23
S+ 23.1..0...0
S--------------
S grid(node) data

---------------
grid. 1 .,00.0.
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=6

grid,9, 182. 1068 19.4164,0.

S .........------...--

S element data

cbar,21 102.12.0 0.,1._

S Change these boom ro erties when material
S changes AL. to COMPOSITE
S
S --- DATA FOR ALUMINUM ALLOY---
S
pbar. 102 103 1.2101 1. 2447,1.2447,2.4894marl.103.1.01 + 73.7+ 6,,2.5362-4"
conm2.103 14..9.7176-2
spc 1.111,123456,1
spci,1 12.345.2 thru,14
spcadd 101.11.112
elr, 1 26,-iv,..,7
Siaram.aulospc,yes

S --- DATA FOR COMPOSITE ---
S
pbar.102.103.2.0168.1.9451.1.9451,3.8902
niatl.103 1 01 + 7 25.2.5362-4
conni..103.14.9.176-2
spcl. 111.123456.1
spcl.112.345 '2thru.14spcadd.101,11 f,112'
ei2r. 120.miv.,,,7
Sparamn.autospc,ves
enddata
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2. DYNAMIC ANALYSIS IN 3 DIMENSION SPACE

S
S Double link flexible boom for dynamic analysis( 14 grid points)
S in 3 dimension s ace with tip ffiass (37.5 lb )
S linkl:14 ft.link2:P2 ft
S anile between LI and x-axes is 70,L and L2 is 126 degree
S Material: Aluminum alloy
S

S
S EXECUTIVE CONTROL DECK

S: S
id kang,dynamics Snross
sol 3
time 10
diag 8,13
cend

S
S CASE CONTROL DECK
S

S
title= 2 link flexible boom in 3 dimension(AI.COM)
echo = both
method = 120
Fs c 101

p = all
output(plot)
plotter nastran
cscale= 1.8
view 0..0.-0.
paper size 14.0 by 10.0
set I1 =-a
find scale, oriein I.set I
maxinmum delbrmation 10
axes nv.x.z
plot m6dal deformation O.set l.origin l.shape
axes x.v.z
plot m6dal deformation Oset l.origin .shape
bein bulk

S
S BULK DATA DECK

S
S Define new coordinate system for convinience
S

Scord2c. l,0..0..0.,0.,0.,l.,+ 23
S+'S 23,.5 ,o 0 ... 67

S 2rid(node) data
S
grid.l ,0 0 0

(I). ='."82085), = ,*'22.5526
6

Srid.9. ,-4.3S8.0.,177.76-; 1_=-_ .:(I =, "(- 3 .-120). =,*I 9.8969

S
----------------

element data
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cbar 11 102.1,2.0.0.,1.

S Chnefloina datas when the material
S chan~s from AC. to COM.
S
S --- DATA FOR ALUMINUM ALLOY-
S
pbar.102.103.I.?10l 1 2447 1.2-447.2.489.4
miat1. 10 3.1.01 + 7,3 3)T+6,2.53 62-4
conrn21034.,9.7176-2
spcIAOI) 1234.6.1
spcl.l 1',345' ihru.13

S.spcadd.IUI iii 112
eidr. 12 .i g ... I
S 5a rani,a u'o spc. yes

S --- DATA FOR COMPOSITE--
S
pbar.102,103. 1.2 101 1.'447 1.2447.2.4894
hiatt.103.I.1 + 7.3.t+6,.2'5362-4
conlm2. 103.,14.,9.7 176-2
s pc .101.! 23456. I
Six1. 1 12.345.2.thru, 13

S.Spcadd.l10I 111 112

Sp-arani.au'tospc,ves
enlddata
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APPENDIX D

DSL PROGRAM SOLVING THE DYNAMIC EQUATIONS OF MOTION

1. PROGRAM OF DOUBLE LINK FLEXIBLE BOOM IN PLANAR MOTION

* This program solves the dynamics of a dobule link flexible boom system
* in planar motion. The applied torque ( r ) was changed to see the effects

* of the torque and also damping coefficient ( ) was varied 0.0 to 0.5 10'.

* This program automatically calculates the slope and deflection of the tip

* position in each direction ( local x, y, z ) from simulation results.

* THE FOLLOWING PARAMETERS ARE DEFINED

* N ; number of discritized boom element

FL I ;length of lower boom
FL2 ; length of uppper boom

* TM ; tip mass
* RHO ; mass per unit length

DX; differential length between each grid point

RX ; local x distance from origin
* TAO applied torque

OMGI ; 1st mode natural frequency
* OMG2; 2nd mode natural frequency

* PXI ; 1st mode shape-displacement in local x direction
* PYI ; 1st mode shape-displacement in local y direction

* PZI ; 1st mode shape-displacement in local z direction

* PX2 ; 2nd mode shape-displacement in local x direction

* PY2 2nd mode shape-displacement in local y direction

* PZ2 2nd mode shape-displacement in local z direction

* ALP ; angle between upper boon and local x-axes

* RXIL : 1st mode shape-rotation at the tip position w.r.t x-axes
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RZ IL I st mode shape-rotation at the tip position w.r.t z-axes

* RY21L ; 2nd mode shape-rotation at the tip position w.r.t y-axes

* RZ2L ; 2nd mode shape-rotation at the tip position

* TH ; angular displacement

* THD ; angular velocity

* Q I ; Ist mode generalized coordinatest

* QID ; time derivative of 1st mode generalized coordinates

* Q2 , 2nd mode generalized coordinates

* Q2D ; time derivative of 2nd mode generalized coordinates
* ZETA ; damping coefficient

* RIRZZ ;mass moment of inertia for R.F electronic box

* RIBZZ ;mass moment of inertia for boom and tip n mass

* Cl ; starting up time coefficient

* C2 ; magnitude of applied torque

C3 ; required time to reach required R.P.M

* SIMULATIOMS OF DOUBLE LINK FLEXIBLE BOOM IN PLANAR MOTION

TITLE SOLUTION OF SIMULTANEOUS DIFFERENTIAL EQUATIONS
TITLE FOR DOUBLE LINK FLEXIBLE BOOM IN PLANAR .MOTION

FIXED IER. IPVT. N. I
CONST FLI= 168..FL2= 144..RHO=3.0690E-04,N= 13,DELT=.04
PARA M C1=40. C22 1000. ,C3= 19.65
INITIAL

TM = 9.7176E-02
ALP = 54.
R I RZZ = 31.0559
RZIL= 1.527773E-02
RZ2L= -3.149482E-02

* BY CHANGING THE ZETA VALUE THE DAMPING FORCE
* WILL BE CHANGED
* ZETA = 0.

ZETA = 0.002
ZETA = 0.005

---------------------------------------------------------------------------------------------

D: I)IME.NSION SIZE SHOULD BE EXPRESSED BY NUMBER
INSTEAD OF CHARACTER

D DIMENSION RX( 13),RY(! 3),PXI( 13),PX2( 13).PYI(13),PY2( i).A(3,3)

\RR,\Y IPV'I(3).B(3)
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* REMOVE THE ASTRICKS IN DATA STATEMENT FOR
* EXECUTION OF EACH MATERIAL

DATA RX ,4..48.,72..96.,120.,144.,168.,182.1068,196.214,210.32]
D 4224.428.238.535,2 2.642

D DATA RY 7*0.0,19.4164,38.8328,58.2492,77.6656,97.082,116.498,'

- - DATA FOR ALUMINUM ALLOY

D DATA PXI' -4.922269E-06,
D -9.844536E-06.
D -1.47668()E-05.
1) -1.968907E-03,
D =-2.461132E-05.
D -2.95335SE-05.
D -3.445583E-05
D ~-2.457687E-01,
D -5.087S06E-01,
D -7.853463E-01.
D -1.071851E+00.- 1.364817E+00-1.660928E+00'
D DATA PYI 2.8008IE-02,
D 1.089855E-01,
D = 2.318627E-01,D =.4.115 815E-01
D 6.2411/0E-01,
D 8.714750E-OI,
D 1.149234E+00,
D - 1 .327774E + 00,
1) 1.518872E + 00,
Q = 1.719815E +00.
D 1.92797SE + 00,2.1,40S36E + 00,2.355983E + 00,'

D DATA PX2 1.657409E-04,
D 3.314SIOE-04.
D =4.972196E-04.
I) =6.629559E-04.
1) 8.286890E-04.
I) 9.94418E-04,
D 1.160143E-03.
1) 4.3S5572E-02.
I) 2.710247E-01.
I) 6.487206F-01.
D 1.140457E -+0)1.7OSISOE+00,2.313523E+00'
1) DATA PY2 1.42;431E-01.
1) 5.101371E-01.
1) 1.013169E +00,
I) I.563-4 18E + 00,
1) 2.075334E + 00.
I) 2.46 7438E + 00,
I) 2.663624E + 00.

2.62S7 7E + 00.
D 2.46S0)5E + (0,
I) 2.19)-3798E + ()O,
D 1.836722E + 06,1 424425E + 00,9.847735E-01 '

D DATA OMGI 3.568816E+00 .OMG2 1.796733E+01

DATA FOR COMPOSITE MATERIAL

I)ATA PX! -4.61 5325E-06.
- -9.23'0051 F-06.
= -i.3845'7-05,
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-1.846129E-05,
-2.307661E-05,
-2.769193E.05,* = -.. 230723E-05,

* r-;- 2.457675E-01,
* = -5087805E-01,
* :/-7.853-472E-01.

.i.071853E+00,-1.364820E+OO,-1.660932E+00,1
* DATA PYl: 2.800845E-02
* =1.089857E-01
* 2.383633E-01

* 4.11 5847E-01
* = 6.241187E-01

8.714775E-01
* 1.149238E+00

1.327778E + 00
* - 1.518877E + 00* --- 1. 7198S20 E + 00)
* 1.927984E + 00,2. 140842E + 00,2.355990E + 00,'

* DATA PX2: 1.554086E-04.
S* - 3.10S165E-04,

4.662230E-04
6.216275 E-04

* - 7.770293E-04
- 9.324276E-04,

I.087822E-03,
4.3778-19E-02,
2.709504E-0 1* = 6.486561 E-01

* 1.140408E + 00,1.708149E + 00,2.313514E+ 00

DATA PY2,7 1.425488E-01
5.101575E-01

* 1.013209E + 00r.563480E + 00
2.075416E +002.467535E + 00
2.66372SE + O0
2.632930E + 00
2.468082E + 00
2.193S55E + 00

1.836756E + 00.1.424434E + 00.9.847565E-0 1:

D DATA OMGI 4.461328E+OO,OMG2 2.246115E+01

I, * THlESE CALL STATEMENTS CALCULATE ALl. CONSTANT TERMS
* AND COEFFICIENT INVOLVED IN THIS PROGRAM.

CALL FIBZZ(RHO.FL1 FL A LP.TM.RIBZZ)
CALL ONE(RHO,RX RS' PXRI PYI.DX.N.STh
CALL TWO RHO.RX .RYPX! PI2.DX.N.SF2)
CALL THREE(N KX RY !X-'r I.PX2,PY2.TM.SI3.ST45T7.STS.STI 1.

ST 2.STI6.SII S'
CALL FOLR(N.RIlO.DXRX.RY.PXI.PYIPX2.PY2.SI5ST9)
CALL FIVE(N.RHO.DX RX RYPXI PYI PI PY' SI',,SI.l))
CALL SIX(N, RHO, DXT.Mv, ,X.Q",P, I ,P i.PK,2.2.S 19,S I20.S'2 I.ST22)

DERIVATIVE
NOSORTT! = 5.

TAOI =CI *TIME**2
TAO2 = C2.11.- STIP(C3 o
T.AO= S\VI CttTIMt-.ILE.T*\OI.TAO2
A(l.I = RIBZZ- +RIRZZ+X2'*2-X3*2+(STI + STI3rX2+(ST2- SI-VX+
A(1.2) = S15 + ST7 + ( S16 + ST8s )'X3
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A ()1-ST9+S11+ 1(STIO+ST12)*X2A21) S.1=S 5+ ST7 + (ST6 + STS)*X3

*X3'*= 0.0
A( 31) =sT9+STII+(STFIO+sT2.)*X2
A( ). O.()L
B l1) [AO-X1D*cX2D*(2.*X2+STI+ST3)+X3D- 2.*X3+ST2+ST4)
B(2) \ID**2 X2 +ST2( 1-sTl6)-2.*XID (X3D*(Si9SS)-OG"')X ..2

B(--) = XlI D~~ X3 + ST22 +STIS)-2.*X1Di*(X2D*(ST21 +ST12))-OMIG2**2*):X3
CAL " Z ~E TA *O0MIG 2)X3 D

CAL EFA (A. 3. 3. PVT, IER)
IF (IER.\ENEUL)GO TO 112
CALL DGESL (A. 3. 3. IPVT, B. 0)
XID= INTGRL().B(1I
\'D= 1INTGL E( 0..B(2j)
\ D =INTGRL(0..B(3)
X\I INTGRL(.X ID)
X 2 IN T G RL( .,2D)
V I NTG RL( 0..X3)D)

FHD=\1D

N~ "X = X X2* Q2
W = SQ RIINXY)
S LOP =(RZ I L(JI -+ RZ2L*Q2)*57. '957

WRITE(6.120)RIBZZ.STI ST' S T3 .ST4.ST7 ST8 ST I .ST I2.ST 16.STI18.
SI -, .ST9.STIOW.ST1i9.S'tN.T2 I,ST2

*120 FORMvAT[LX,1S(FI12.5,2X)
RETURN

112 WRITE(6,11-4)TIME.IER
114 FORM:Vf'(2X.'0 IER ='.17)
* CALL ENDIOB
* WRy I (6.116 %.IFI1). IF I = [,N)

116 FORMXT( 8X~F.3.2X)
PRINT- TIX TIIXY W.SLOP
CONTRL D K 2 ~ 20
SAVE 0.0'25.THI.THD.QI .Q2,WX,WY. 'W,SLOPTAO
E ND
PARAM C1= 80. C'='000..,C3= 11.50

PA RA-M CI= 160. C' 4000..C3 =7 4

SEC") T. AO(1J'\ N LBS-1N'.RL 1= ILI= 1) ...
.T.AO(I'0=() A\ OvIlT.RI '2LI= 2....T1AO(PO= 0 .X OMITR 'X3LI=3)

GRAPH LGl.NI = 7.LO= 0 .DE =1EK( ISSC= 8. )TINIE(NI 5,LE~ lo.,UN ='SEC')..
J1 UN RAD' RU = I.L I =1.

,TPO=0.,A\ OMIlT.R2L12 ...'
,T[HPO=0 -\X=OMVIT.RU '3 LI -')

G R.-%PHIG 'NI =710O= 0..DbE = TEK 61S. SC =.3) T IM E(NI =5. L E 10., UN= 'S EC')..
1H~bLN N='RAD SEC'RU I! 1)...
1-1DPO = 0. AX =0M IT. RU =2L I 2)..
.T 1D(PO = (..AX =0MI11. RL LI 3

GRAPI G3 NI=8.LO=-8.0 .SC=I~ E0 E=TEK618)..
rIE(Nh=5.LE= 10 U=L Q(N'I.RJ1LI ),.

03 I(PO O.X = 0MiUA 2- LI
GRAPH(G-4.\I=8.1.0= 0.0 .SC=.(075 DE =TEK6 18)

'SC .2(LN='IN-.RL=1LII.
2PO 0..AX 0 M iT.R U =2. 1= 2 ..

4*G]R\I11 (64.NI =8.LO= -1.2E-3.SC= 3.(E-04, D E TE K 61S)..
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*TIME(NI=9 'UN='SEC').Q3(UN='IN'
GRAPH (G5,DE =TEK6I8,LO =.0 SC= 1.5 ,NI=8 )TIMIE(NI=5.LN='SEC'..

,LE= 10.) WX(UN='IN' RU= 11LI= 1)...
*W~x PO=O.0.AX = OMVIIT.RU-= LI-'2 ..
,wXRo 0= 0..AX = OMIT.RU =3:1-1 =3

GRAP (GE= E6SL=-6.C 0N ) TI ME(NI = 5.UN ='SEC'
=L10.),VY'(UN='IN'.R*= I.LI=' ...

XX'z(PO= 0..AX=OMIT.RU = 21I= 2) ...

* UN IN S .E=EC NI8.O.5S=1 ) TIME(NI=5,UN= 'SEC'.LE= I0.)
GR.APH(GS.DE= T'K61I.iO=O.0,SC= 2.5.NI =8 )TIME(NI =5,UN= 'SEC'..

.1E= 0.W(UN ='N.RU Ij LI=)

.NV(PO = 0..AX = OM1T.RU .. LI =9..
%V(PO = \.TX= ON-ITARU 31I= 3)

GRA4PH'(G9.DE= EK618.LO= -6.4SC= .8 .NI = S TIM E(NI =5,LN= 'SEC'..
.LE=-10, ).SLOPL( UN= *DEG'.RU = 1.1-1 = 1) ...
.SLOP(PO=0..AX=OMIT,R = 21LI=2 2).
.SLOP( PO=0..AX= O.MIT.RU= 3,LI=3)

LABE fG10 APPLIED TOR L"E
LABE Gi) ANGULAR DISPLACEMENT
LABE G2 AN\GULAR VELOCITY
LABEL G3) GENERA-LIZED DISPLACEMENT Q8I
LABEL G4D GENERALIZED DISPLACEMENT Q
LAB3EL G5) DISIPLACEMNENT IN EXTENSION
LAB3EL IG6~ DISPLACEMENT IN TRANSLATION
~LABEL (G ) TIMIE DERIVATIVE OF 03

LABEL (GS) MAGNITUDE OF DEF LECT ION AT TIP POSITION
LABEL (GN SLOPE AT THE TIP POSITION
END
STOP
FORTRAN
C

SUBROUTINE FIBZZ7-(RHO.FLI.FL2,ALP.TM.RBZ

C
IMPLICIT REAL*( A-1,O- Z)

P1I = A RCOS(-I .0()
A'NG=ALPR',PI IS0.
DISQ= ([:LI + LFL" 2. *COS(ANG)Y*2+((FL-2 2. )*SIN(ANG))**2IS9=(FLI+ FL-,OSAN))*2 -'INAG)"2
BNM = RIIO'"FI
BMv2= RHO'-FL,2
RII3ZZ= BM l*LLLl*23. + BM2*FL-2**2, 12. + BM2*D1SQ+ T\I'D2,SQ
WR ITE (6.I111 R IBZZ

III F 0RM A(2XIBZ.'RFB12.5) .)~.i..........

RETURN
END

C
C4,** ** ** '*,.** ",* *4***.t.,,** ** :,.*,***,* ***., ,******* .. ****

SUBROUTINE ON'E(RHg,.RX.RY;PXI.PY-I.DX.N\.STI)
C

IMLCTRA8AC.-
D\IMENIONT RX(N),(NI.-)PXN)P(N
SIMNION).
SONE2I = Q.0
DON 12 = 0.N0

DONE0=RI NPI
ONEI=R( ~Y(
SONEI =SONEI +ON\EI
SO\L2= SONE2+ ONE2

10 CONTINUEI
"Ill = SONEI 4-RXN)PXI (N) 2-*DX*RliO*2.0T-2 = (SONE2 -RY*('\INPIhN 2.) :DX--'RI IOt5()STI =IlI + [12?WVRITL(6,I 12)sT1
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112 FORMAT(2X.'STl '.Fl2.5)

RETURN
END

C

SUBROUTINE TWO )JQ.R RY.PX 2,PN"2 DX N"ST2)

C
IMPLICIT REAL*8(Ak-f.0Z.
DIMENSION RX(N),RY(N),k'2(-\).PY2(N)
STWO I = 0.0
STW NO2 = 0.0
DO 20 1 = I 'N-I

TWOI RX(IY*PX2(I)
TWO2 RY I):PY2( I)
STWO I =S TWOI+TXKO I
STWO2 = STWXX02 + TW~02

20 CONTINUE
T21 = (STW'%OI +RX(N)*PX2(N) '2. *DX*RIIO*2.0
T22 = 21TWO2 R~~( ) PY() .'-DX*RFIO*2.0
ST-3=12+TF22
\VR ITE) 6.1I 13)ST2

113) FORMvAT(2X.ST2=.-Fl2.5)

END
C ****** ***** *****4****** *******************.

SUBROUTINE TH-REEf N.RX.RY PX 1 PYIl.PX2,PY2,TM,ST3),ST4,ST7,
I ~STS.ST I1.ST 2.ST 16,Sf 18)

C

IMPLICIT REAL*(A11,0-Z)
DIMENSION P\I (N )PN 1(NIPX2( N ,-)i *2().RX(N).RY(N)

STS=PX'N P I RN.)P \ N ( "T TM)
STIIR\ P X 2('N +-RY( N)* P\(N T
STI=( IX(Nle PY2 N-P\I N) P\ N)) M
SlIS=(R\'N P\ N) R\) :P~l\0\'o

118 FOM2XSI= .F tP2Nl12. N, *PX N" ~ "T I

I F1 .52\ ' i =' FI .-. 2 .'T 1 =. I2..2 .PY 1 =2.P21. .S

SEURNEORNR
C

IMPLICIT RE.AL*(A-H-.O-Z
DIMENSION RX(N .RY(N 1PX(N). PYI(N).PX2(N).P'2(.N)

SFOU I = 0.0
SrOU*2 = 0.0
SFOU3 =0.0
DO 30 1~w

SI 14 =0.0 0A

SI'0U.2= SfK)U2- I:02IOU 3 = R Xfl'*PY2(lbFOL41= R([(')-:'PX 20)



Dlirl .FKZv 17 lPV w LJW u% -~ V x

SFOU3= SFOU3+ FOL3)
S FOU4= S FOL4+ FOU4

30 CONTINUE
T41 = SFOUI +RX(N)'PYI('N)2.)*DX*RIIO

T2(SFOU2 RY(Nf YPxI (N )2.)I)VRlHO
T43= (SO RX(N 1)).2(N) 2.) *)X*RII()
T44 = LSFOU44- RY (N) *PX2( 2. *DX'-"Rf1O
ST5 = .41 J 42
ST9 =T43'-T44
WRITE(6.115)ST5.ST9

115 FORMVATI(2'X.'ST5 =.FI2.5 2X,'ST9=,F12.5)
RETURN
E ND

C
SUBROUTINE FIVE(N.RHODX.RN RY.PXI.P-1I PX-'P-Y2.ST6,STIO)

DIMENSION RX(-\),RY(N), X2(N ),PY2(N),PXI(N),PY1(N)
SFIVI = 0.0
SFIV2 = 0.0
SFIV3 = 0.0
SFIV4= 0.0
DO 401=1>1-

FIV12=PY2()PX I I)
FIV21 =PXI 1 *PY2(I)
FIV22 =PYI IY PX 2(1
SFIV1=SFI V +FIvI1
SF1 V2= SF1 V2+ FIV12
SF1 V3= SF1 V)+ FIV21
SF1 V4= SF1 V4+ F1V22

40 CONTINUE
T51 = (SFIVI+PX2(N)*PYI (N) 2.)*DX*RHO
Ti-2= (F1 V2+PY-(N ) "PX1(N.12.)*DX*RHO
T53 = (S1V3 +PXI (N) PY2(N) 2. *DX*RHO

T54= FIV4 + PY*1N)*PX2(N,').*DX*RHO
T6 = T5 1-T;2

ST 10 = T5i3-T534
W R IT E6.1 16 )ST6. STI10

116 FOR.-V-T,(2X' 5T16 ='.F12.5.'2X'STIO=' Fl' 5)
RETURN
END

C

SUBROUINE SX(N RO.DX.TM,RX.RYi.PXI1,PY I,PX2.PY'2.ST 19,
I *T0SF

IMPLICIT REAL*S(A-H.O-Zj
DIMNIENSION RX(N ),RY(N .PX 1(N).PYI(N).PX2(N),PY2.(N)

SSIXI I= 0.0
551X121=0.0
SSIX21 = 0.0
SSIX22 = 0.0
SSI1X31 = 0.0
SSIX32= 0.0
S 1 X41 = 0.0
SS1X-42 =0.0
DO 50 1= I.N-l

SIXI I =PX2(I PII
S IX 12 =PY(IY PR\I(I)
SIX2I=RX(U )*PXI h
SIX22= RN'(I )11YI(I)
51X3,2=PYII )*PX2(
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SIX41 = RX(I)"PX2(1)
SIX42= RY(I'PY2fl)
SSIXII=SSIXII+SIXII
SSIX12= SSIXI2+SIX12
SS1X21 = SSIX21 + SIX21
SSIX22-- SSIX22+ SIX22
SSIX31 = SSI\ I+SIX31
SSIX32= SSIX32 + SIX32
SSIX41 = SSIX41 + SIX41
SSIX42 SSIX42+SIX42

50 CONTINUEf'61 = (SS1X I I+ PX2(N)*"PYI(N) 2. *DX*RIIO0
12o2= (SSIX12+ PY2(N'" PXI N1 2.r-DXRtlO
T6,= (SSIX21 + RXN ,xIN 2. II)XR IO

.' -:I)X:: RHfO
T64 = (SS 1X22 + RYN. PY1 2.V1)X-RH()
T65=(SSIX31 +PXI(N .)PY(N 2.i-.):<DX*RIIOT66 = SSIX3,.+ PY I(N)*PX2(N) 2. *DX*RFIO
T67= (SSIX41 + RX(N)P"PX2(N) 2. )::I)X:RttO
f08 _ (SSIX12 4- RY(N *PY2(N) 2.) -:DX*RHO
ST 19 = T61-T62
ST20 = T63 + T6-4
ST21 = T65-T66
ST22 = T67 + T6S
W RITE(6.117)ST19,ST20.ST21 ST122

117 FORMAT(2X.'ST19= 'FI2.5,2X.'ST20= ',FI2.5,2X,'ST21 = .F12.5,12X.'ST22l='.1I2.5) . .
P1R1NT .
RETURN
END

2. PROGRAM OF DOUBLE LINK FLEXIBLE BOOM IN 3 DIMENSIONAL
MOTION WITH TWO MODES

SIMULATIOMS OF DOUBLE LINK FLEXIBLE BOOM
IN 3 DIMENSIONAL MOTION WITI 2 MODES

TITLE SOLUTION OF SIMULTANEOUS DIFFERENTIAL EQLATIONS FOR
TITLE DOUBLE LINK FI.EXIBLE BOOM IN 3 DIMENSIONAL .MO 1iON
TITLE VITH TWO MODES

TIllS PROGRAM USES 2 MODE SHAPES FOR 3D AL. AND COM.

FIXED IER. IPVT. N, I
CONST DX = 24..I)ELT = .04 .RI IO= 3.0690E-04.N = 13
PA.\RAM CI=.4.1C2= 10. ,C3=24.65'::INCON XO= 3.1416

INITIAL

TM = 9.71 6E-02
RIBZZ= 145.39
RIR/Z = 7.764

TIlE DAMPING FORCE WII.L BE CII:\N(EI)B Y VARYING -i I D,\.MPING COEI:IILNT ZETA
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ZETA = 0.0
* ZETA = 0.002
* ZETA = 0.005

* THIS VALUES ARE FOR ALUMINUM ALLOY

* RXIL= 1.381823E-02
RZIL=-6.144172E-03* RY2L= 1.527773E-02

* THIS VALUES ARE FOR COMPOSITE MATERIAL

RXIL= -1.395893E-02
RZ I L = -5.647870E-03
RY2L= 1.527779E-02

* DIYMENSION SIZE SI-OULD BE EXPRESSED BY NUMBER
INSTEAD OF CHARACTER

D DIMENSION A(3,3),RX(I 3),PYI( I3),PX2( 13),PZ2(13)
ARRAY IPVT(3),B(3)

REMOVE ASTRICKS IN DATA STATEMENT FOR

EXECUTION OF EACH MATERIAL

D DATA RX 8.2085.16.417.24.6255.32.834.41.0425,49.251,57.4595,
D 44.0388,30.61 S2,17.1976,3.777,-9.6436,-23.642;

DATA RY 22.5526.45.1052.67.6578.90.2104.112.764,135.316,157.869,

1771.7653,197.662,217.559,237.456,257.353,277.25/

= =DATA FOR ALUMINUM ALLOY

DATA OMGI. 3.3S4515',OMG2'3.568821.'

DATA PYI -2.320288E-02,
-8.960620E-02.
-1 .944046E-01,
-3.328017E-01.* = -5.0{)1 194E-{}1,

-6.913154E-01,* = -9.019864E-01.
* -1.19901)E+00,

-1.516552E+00,* = -!.$50174E +)oO,
-2.195575E + 00,-2.548629,-2.905414,'

DATA PX2 2.632094E-02 .
1.62416 1 E-0 1,
2.239926E-0 1,
3.8676S6E-01,
5.864S63E-01.
8.189327E-01.
1.079948E + 00,
1.331760E+(O.
1.601282E+f00,
1.884697E + 00,
2.178297E + 00,2.478518.2.781967,

DATA PZ2' -9.574829E-0.3.-.. 726606E-02,
* -8.1511 16E-02.

* -1.4011517E-01.
* = -2. 1343S0E-O1.

-2.980351 E-)I,
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* ~/-3.930303E-Ol.
-2.23 177E-01.

* -4.1I3860 SE-..
* - 1.497749E-(01
* 3.478057E-0 1.5.503()27E-0 1,7.54977SE-01

* -DATA FOR COMPOSITE MATERIAL

D DATA OMGI 4.287485 OMG2 4.461334'
D DATA PYI 2.384356E-02.
D 1: 9.207751E-02.
D 1 !.997595E-01,
D 3.419566E-01,
D 5.137555E-01,
D 7.10279SE-01,
D 9.266955E-01.
D =1.218125E +00,
D 1.530611E +00.
D 1.859596E+00.
D = 2.200665E + 00.2.549586,2.902334:

D DATA PX2,' 2.632090E-02,
D u 1.024162E-01,
D ti 2.239929E-01,
D = 3.867693E-01,
D 5.864875E-01,
D 8.189344E-01.
D 1.O79951E +0O,
D = 1.331764E+00,
D 1.601286E+ 00,
D I.884702E+00.
D= 2.178303E ± 00,2.478525 2.781976,'
1) DATA PZ2 -9.575142E-03.
D = -3.726674E-02,
D -8.1512251-2
D -1.407533E-01,
D -2.3440IWE-O,D = -2.980'77 E-01.
D -3.930335IE-01,
Ii -2.23181 E-0I.
D -4.138775E-02.I) = i.49774lE-01I
D 3.478057E-01,5.50,036E-01.7.549797E-01

CALL CONST (N.DX.RIO tTM RX PYI.PX2.PZ2.SSTISST2.SST3,SST4.
SST5.SST6.SSY7,SSTs)

DERIVATIVENOSORT
* IAO= I0.-IO.*STEP(6.85)

TI = 5.
TAOI=CI *TIME**
TA02=C2*[I.- STEP(C3 )
TAO =SWITCH(TIME.LE.TITAOI.TAO2)

TAO = 0.
A( 11)= RIBZZ + RIRZZ + X2** + X3**2*(I.-2.*SST3-2.*SST4)

+ 2.*X3*[SSTI + SST2}
A(!.2 = SST7 + SST8+(SST5+ SST6)*X3
A 1D -- -X2:4SST5+ SST6)A 2.1) = A 1(.2)
A(2.2 = 1.0

, A.3' . = 0).O

A3B I = TAO-2.*XI D*(X2D.X2 + X3D*(X3 + SSTI + SST2-2.*X3*(SST3 + SST4)))
\B(2 D = XiD**2*X2-2.*XID*X3D-:(SST'5+SS'F6)-OMG1:::'"X2 ...
-2.*ZE TA'OY IG1 X2D
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B(3)= X D**2*(X3-SSTI.SST2 +2.*X3*(SST3 +SST14) + 2.*X ID*X2D*(SST5
+ SST6) )-ONMG2)**2)*X3-2.*ZETA*OMG2*X3

CALL DGEFA (A.' 3. 3. IPVT. IER)
IF (IER.NE.0) GO TO 112~
CALL DGES L(A,3 ..3 IP~VT, B, 0)
\ID=INTGRI X.hd)
\ D=INTGL 0.\3D= INTGRL0 NB3)
\1I\TGR(O.,.X ID
X2= INTGRL (0..X2D)
X3 INTGRL( O).,X3D)

ri-D=XID
SI \.2
ID=\2D

2D=\3D
X =P\ N) 2

Z=~ PZ x WY**2 + WZ**2
N% SQ RT(NXiYZ)
XSLOP RXIL' 1 *57.2957
YSLOP= -)RY'2L* "257.29i7
ZSLOP= RZ1L*Q~ *57.2957

*WRITE(6 120RIBZE ST I ST2 ST3.ST4.ST7 ST8,ST1I1,ST1I2,STI16,ST 18,
ST.ST9.STI6- ST19.M~t0,MT2I,ST2

*120 FORM.AT(2X,IS(F12.5,2X))
RETURN

112 WRITE(6.H14' TIMEIER
114 FORMAT(2X.'0 IER =',17)

*CALL ENDJOB
W WR IT E(6.1164)(I ~F1) 1IF I= 1.N)

"116 FORMVAT(2 2XAF8.3.-X)
PRINT TH TH Q.Q 2.WNX WVY WZ.X,XSLOP,YSLOP,ZSLOP,TAO
CO'NTRL FINTI I = 40..DELPRt =.80
SAVE 0).025.TH ,TH D.Q I ,Q2 TAO,WX,WY,WZ,W,XS LOP,YS LOP,ZS LOP
I:ENI)
*PARAM ~vCI=.8 ,C2 = 20. ,C3= 14.0
*END
:"PAR.ANIv CI=i.6,C2=40. .C3= 8.7
GRAPH (Gil NI=7.LO0=-8.u0.DE=TEK6I8,SC=8.0 )TIMVE(NI=5.LE= 10.,UN=

'SECi TAO(U'N = 'LBS-IN'. RU = Il .LI = I )3,I=.TAO(AX= OMIT RU= 2 LI = 2).TAO(AX=MTR=3L=3
GRA-PH I(GI'NI =7.LO=6..DE='TEK6 18.SC=8 80) TI ME(MI = 5,LE = l0.,UN=

'S1.C)TH(UN ='R.XD.RU~ =ILI = 1) ...
.TH(AY(=OMIT.PO=0. .RU=2.LI=2)..
,THl(A-X=ONIIT.PO=0. RU=3.LI=3)

GRAPH, (G.NI= 7.LO= 0.,DE =YEK618,SC= .3)jTIM E(NI = 5LE= 10..N=..
SEC) THD(PO = .0. U\= 'RA-D SEC' RU = 1,LI = 1) ...

.TH~j O..AX= OMIT .RU 2.LI '
.'iHD(PO=.0AX=OMIlT.RL'=3 LI=3

GRAPFI{G2.NI=8L6=-.80 SC=.20)p 5= TEK618) ...,
1 (P0=0, AX=OqIT.RU=2.LI'=(N I R-1,I )
QlP0=0- NX=OMIT.RU=3.LI=3 --

GRAPH G3NI=gLO= 000 .. SC=.50() .DE=TEK618) ...
+I~mtNI=,5LE=I0..N= 'SEC 'LQ2 YN= 'IN',RU= I,LI=l 1...

_ AX=OMIT.RU= -. 1=2)
*2P=0- A\ OMIT.RL=3.LI=3)..GRAPH ( -j .D'E==1LtEK618.LO= -0.0.SC= .60 .N\I =8 )TIME(NI=5,UN='SEC'...

.,LE =10.).WX(N='IN' RU=I.1I=l) ...
.'XPO=0..AX= OMITRL '.LI=2)..
.WX(PO =0 ANX=OMIT.RL 3 LI 3)

GR-APH (G6.)E =Tfk6l8S.LO=-0.4.SC=.t 10 NN=,U=SE'-
.LE = 10.WY(UN = 'IN' .RU I Ll;= 1)EN ,C SC
N*YPO=0)..AX= ONMIT.RC=2LI=2)..:

.WY(t~fPO=) AX=OMIT,RL 3.LI=3)
GRAPH (G7,DE=T TK618,LO= -.0.SC .15 )-TiMVE(NI = 5,N= 'SEC'.LE= 10.)..
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,WZ(UN =IN 'NI = 8RL ILI= 1) ...
.\Z PO = Q.AX = Ni IrY.RL =2. L I = 2
.WZ(PO=O NX OMII ''RL=3.LI=3)

GRAPH (GS.DE=TEK6I8 LO= 00 OSC=.55.NISR ,2TM(I= .N SC
,LE =10.)NL(N =IN.R R= 1.L,1= 1 .
*W{'PO=O.,AX=O\,II1 RL=2.LI=2)...
*W( PO=0 .,X OM\ITRL 34L1=3)

GRAPH (G9 DE= TEK61S 'LO '-4 SC= .1>1 =S8RU= 1 ) TIME(NI = 5U\= 'SEC'..
If = 10.).XSLOPCLN =D-'EGRL '=I.LI=1)
XSLOP PO=)..\ OMI.RL =2.- I I2 ...
.XSLOP(PO=()..\X=OMIT.RL= 3,L= =)

GRAPH (G4 D = TEK6l8.LO= 1 2Sc=N ,U I )TIME(N\I = 5,LN= 'SEC'..
.LE = IOi.YSLOP(L\N =DEGR RL I.LI= 1),
N'SLOPPO=0..\XO\%II[F RC- 2.LI=2

GRA-PH (GZ.DE=T'EK61S.I0=- 40 SC=.1,\I=S.RU= I TIME(NI=5,UN= 'SEC'..

ZSLOPI(IO=0)..AX=OMIT-l.RL=2.LI=2)..
ZSLOP( PO = 0.AX =OM ITRL=3,LI= 31

LABE (G11) APPIIED TORQI :E
LABEL (G12) ANGULAR DISPLACEMENT
LABEL (GI) AN\GULAR VELOCITY
LABEL (G2) GENERALIZED DISPLACEMETQ
LABEL (G) G ENE RA LI Z ED D ISPIL ACEMN 2 1L;,
*':L\BEL (G4) GENERALIZED DISPL-ACEMNENT%23
LABE G 5 DISPLA-CEM%,ENT IN X-DIRECRION
LABE'L ()DISPLACEMENT IN Y-DIRECTION
LABEL (G7) DISPLACEM(EN.T IN Z-DIRECTION
LABEL (GS ) MAGNITUDE OF DEFLECTIO'NAT TIP POSITION
LABEL (G9) X-SLOPE AT TlE TIP POSITION
LABEL G 2 Y-SLOPE AT THE TIP POSITION
LABEL G-) Z-SLOPE AT THE TIP POSITION
END
STOP
FORTRAN
C

SUBROUTINE CONST (N.DX.RHO.TM. RX PY1,PX2.PZ2,SSTI.SST2,
C I . SST'.SST4.SST15.SS5T6.SST7. s-s)~

C
IMPLICIT REALC8 A-H-.O-Z)
DIMENSION RX(I13).PX I( 13-),PX2-( 13),PZ2(13)
511 = 0.0
ST5 = 0.0
ST7 = 0.0
DO1I I IN-

TI RX'(flAPX2(I)

ST' ST3 +T3
ST.) = T5 +T5
Sf7 = T7 +T7

10 C ONTI NUE
P R I NT- ST1.S T 3. ST5. ST7
SST 1 =(fTI + RX(N)*1'X2(N) 2.0)elRHO*DX
SSTr= (sT3+PZ2(N2 . ) 1 'lO
SST =~ (5T5+ PX2(Nr PYIN 2.:R[104,DX
SS'r7= (T7-1- RX(N) 'fl 2.0f*R1IUD
SST2 I-, RM:XR\) *R!'(Ni
SST14=TMTI":ZI(N)'
SST16= TM..PX2N)PkN
SSTS=TM"I RXN. *PY1N)
WRITE( 6.20) SSI.SSI'2,SS[355TF4.SSIT5.ST6.SST7,ss5r8

20 FORMIA1( 2X.8(1[12.4 '\))
RETU RN
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END

3. PROGRAM OF DOUBLE LINK FLEXIBLE BOOM IN 3 DIMENSIONAL
MOTION WITH THREE MODES

* SIMULATIOMS OF DOUBLE LINK FLEXIBLE BOOM
* IN 3 DIMENSIONAL MOTION WITH 3 MODES

TITLE SOLUTION OF SIMULTANEOUS DIFFERENTIAL EQUATIONS FOR
TITLE DOUBLE LINK FLEXIBLE BOOM IN 3 DIMENSIONAL MOTION
TITLE WITH THREE MODES
* THIS PROGRAM USES 3 MODE SHAPES FOR 3D ALUMINUM ALLOY

FIXED IER, IPVT N. I
CONST DX =24..DELT= .04 ,RHO= 3.0690E-04,N= 13
PARAM CI = .4 C2= 10. ,C3 = 24.65
"INCON XO= 1.708

INITIAL
TM = 9.7176E-02
ZETA = 0.0

* ZETA = 0.002
* ZETA = 0.005

RIBZZ= 145.39
RI RZZ= 7.646
RXIL= I.381823E-02
RZ 1L = -6.144172E-03
RY2L= 1.527773E-02
RY3L = -3. 149467E-02

* DIMENSION SIZE SHOULD BE EXPRESSED BY NUMBER INSTEAD OF CHARA-kCTER

D DIMENSION A(4,4),RX(13),PYI(13),PX2(13),PZ2(13),PX3(13),PZ3(13)
A RRAY IPVT(4).B(4)

D DATA OMGI,3.384515,OMG2,3.568821,'.OMG3:1.796723E+0I:

D DATA PYI -2.320288E-02,
D -8.960620E-02,
D -1-.944046E-01,
D -3.328017E-01,
D . -5.000194E-01,

I) -9.019864E-01.
D 1-.199010E+00,
D) 1± -!.516552E + 00,
D -1.850174E+o00

D -2.195575E + 00,-2.548629,-2.905414,'

D DATA PX2 2.632094E-02,
D !.024161E-01.
I) 2.239926E-01,
D 3.867686E-0 1,
D 5.86486',E-01,
D = 8.189327E-01,
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D ii 1.079948E+00.
D 1. .3'3176)E + 00,
D 1.601282E+00.
D 1 1.884697E+o0.
D # 2.178297E + 60,2.478518,2.781967,'

D DATA PZ2, -9.574829E-03,
-3.726606E-02,

1) -8.151116E-02.D3 " -1.401517E-01,
1) -2.1343S0E-01,

ID .3.930303E-01,
D -2.231787E-01,
D -4.138608E-02,
D ± 1.497749E-01
D 3.478057E-01,5.503027E-01,7.549778E-01,,

D DATA PX3! 1.338891E-01,D 4.792555E-01,
D n9.518909E-01,
D 1.468896E-01,
D 1.949881 E-Oo,
D 2.318285E-00,D 2.502583E-00,
D =2.459048 E-00.
D 2.226467E+o0,
D # 1.839621E+00.
D 1.335901E + 00,7.543012,1.341246/

D DATA PZ3. -4.890816E-02,
D - -1.747S8E.-01,
D = -3.469901E-0I
D -5.353417E-)1,
D -7.105826E-01,
D -8.448452E-01,
D -9.120993E-01,
D = -9.414692E-01.
1) -1.098786E+00,
D -1.35991SE+00,
[ .1.699870E + 00,-2.092339,-2.510817,'

1) DATA RX'8.2085.16.417.24.6255.32.834,41.0425.49.251,57.4595,
D - 44.0388.30.6182.17.1976.3.777.-9.6436,-23.0642

DATA RY 22.556.45.1052.67.6578.90.2104.112.764.135.316,157.869,
" 177.7653, 197.662.217.559.237.456,257.353,277. 25

CALL CONST (N.DX.RHO.TM.RX.PYI,PX2,PZ2,PX3,PZ3.
SSTI.SSTI 1.SST2 ...
SST21 .SST3 SST31 SST4 SST,4I.SST5.SST5I.SST6.SST6.

.SST7.SSTF8.SST9,SST10.SSTI2,SST13)

DERIVATIVE
NOSORT

TAO= 10.-10.*STEP(6.85)
TI = 5.
TAOI =Cl *TIME**2
TAO2= C2"(1.- STEP(C3 JL
TAO= SWITCHkTIME.LE.TI.TAOI .TAO2)

TAO = 0.
A(1,1) = RIBZZ+ RIRZZ + X2*';2 + X3**2 + X4**2 + 2.*X3 *(SST I + SST2)

+ 2.":X4"'(SST I 1 + SST2l-2.i-*X3**2*SST3-2.*X4*. "2SST-31 I ...
-4.," X 3 -"X4 : SST9-2.::%(X3,*2*SST4 + X4**2*:SST4 ..
-4*X3': X4*SST I0

A( 1. 2) = SST7 + SSTS + (SST5 + SST6)*X3 + (SST51 + SST61})*X4
.A 1.3) -- X2":(SST5 + SST6)
A( 1.4=-X2(SS-5i +ssr61)
A 2 .1= 4.2A (2.2) = 1

' 141



A 2.3 = 0.0
A 2 ,4 = 0.0
A 31 = (1,3)
A3,2 =00
A 3. 3 1.0
A\3A4 0.0
441 -\(I,4)

X4.31 
0.

.X44 1.
B( I) 1 AO.2.*XI D*X2D*X2-2.*X 1D*X3D*(X3 +SST + SST2-2.*(...

SST I3+SSTI12-2.N X3*(SST9+ SSTIO-) +X4*( SST3I+SST4I)
B(' )=XD* -I22*IDXD 'SST5+SST6)-2.*XID*X4D*(SSI .5I+SST61)

OMGW2X-2.ZETA* 0MIG *Xi2D
B(3) =X I D 2 X 3 -S S Il- S ST 2 + 2. *X 3 *( ST 3 + S ST4) + 2.*X4*(S SsT9 + 5sFT o0)..

i + .jX* X 'X2 D*(S ST5 + S ST6)- 0 M G2* *2- X 3 -2. *tTA *0 M G2 *:X3[b
B(.4) =XI D**2*( X4-SSTI l-SST21I+ 2.*X3%55ST9 + 5T10 -4-2.*X4:-*(SST3 )+

S ST4 14+2 .*X1D*X2D*(SST51 +SST61)-O.-MG3*-2---'X4..
' 2.-*ZETA*ON0MG3-"X4DCALL DGEFA (A. 4. 4. IPVT. IER)

IF HERNE.0 GO TO 112
CALL DOES L(A. 4.4. [PVT, B, 0)
XID= INTGRL(., B(I)
X2D= INTGRL( 0..B(2)
X3D= INTO RL(0..B(3)
X4D= INTGRL ()0..B 4)

XINTGRL(O ,XI1)
X NTG RL(0..X2D)

X3= INTGRL(0.,X)D)
\4= I\NTGRL(0.,X4D)
IHD= \ID

SID=\2D

2D =X313

.iD =X4DN N PX2(N)*2 +PX3(N)*Q3
W7 I 1C~Q2 PZ3(N)* 3

*-) + wy. **2
NNS 0 SRT(NWXNZ)
XSLOP=XL- P =
YSLOP = LWY2L* 2 + R3L*Q3)*57.2957
ZSLOP= R.ZIL:OF 4i.72957

*WR1TE(6.I20RI BZ:ST I ST2 ST3.ST-4.5T7 ST8,ST I i~srI2.ST 16.ST IS...
*ST5 ST19.ST1O (.ST i9.ST20,ST2 I,ST2

*120 FORMA X .18(F12.5,2X))

112 WRITE(6 114) TIM E.ER
114 FORMIA1N2x'0 ILR =',17)

CALL ENDJbg
* WRITEQ6.11 6)Q(~)5IFI) =IN

*116 FORMAT'2 X..)F8.3 2FX) .N
PRINT TH TH D QI1Q2.*X. 'Y.WZW.XSLOP,)*SLOI'.ZSLO , 'AO
CONTRL VINTIM\1-4..DLLPRT=.S0
SAVE (i.025,TH.TH D.Ql ,Q2,TAO.WX.WY,-WZ.W,XSLOIP,YtS LOP.ZS LOP

END
*PIARA-M C1 =.8 ,C2= 20. ,C3= 14.0

*PARAM'\v CI= 1.6 .C2=40. .C3=8.7
GRAPHf (GIN=7L=-iiDE =TEK(,18.SC= 8.0) IEN 5L 0-..=..

'SC.TA(UN='LBS*I-.RU=1.I 1

.TF(AX= OM IT.PO = (1$. .RU = 2,L I = 2)
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GRP'TH(,AX= OMIT.PO=O. RU= 3LI =3)
(,RAP (6 NI-7L0.,DE=YEK6Ig SC=.3 ) TIME(NI=5,LE= I0.,L N=..

USfi)THbi(PO=-..N=-RAD SBC.RU= I,LI= 1) ...
.THD('PO=.0,AX= OMITRU = 2.1LI= 2).
,THD(.PO= 0'XOMIT.RU= 3LI=3

GRAPH 4G2.N I= S.L(5= -.16 .SC= .04ObE= EK618)..
+IME(NI =5,LE=I0. *.UN='SE0.QlN 'IN',RU = 1,LI= 1) ...

0=O0., 'AX=OMI1t.RU=2.l
QJP00.. AX=0MIT.RU=3.LI7-f ..GRAPH t3,NI= S.LO=000 SC= .200 DE= TEK618)..

*Q2(O=0 \ ONIT.RL ',LI
Q2(P00O A\ OMIT.RL 3,LI 3)

GRAPH t,D 1~KI O 0oS 0 NI =8 ) TIME(NI =5,UN= 'SEC'..
.LjE= f K 1.O -- SC1 10-.W\(1 N ='IN' RU -- L'= 1) ...
,XPO 0 ,.\ =OMVIT,RCL LI2

=\X 0.0A\ OMIT.RL 3,LI=3, _

GRAP (6'E=TCK0I8.LO=-0.4.SC =*10 NE.
LE=0.).W'(LN='IN .RL= 190~= 1) ... TMEN5,N'C..

,WY(PO = ).\ OMIT.RL 2.- LI 2)
V\(). AX = O.MITRL= 3.L[= 3

G RAPH (07 DE = TEK6I8.1LO= - 0 SC =. I5 ) TIME(NI =5,UN='SEC',LE= 10.)..

.\XZ(1P0=0.,.AX=O'VIIT,RU=--2.LI=2) .
X\VZ(PO=0 \,X=OMvIT RU=3,LI=3)

GRAPH.(68 DE= Ti 618.CO=).0.SC= .55.N I = 8,RU= 1,2)TIME(NI =5,UN='SEC'..
LE =10.)W(UN ='IN'.RL= I LI = I)..

X\ (P0= O..AX=OMIT RU = "LI=2)..
NV (P0 0 AX=OM ITkU = 3 f13)

GRAPH (69, DE= EK61S.LO= -. 4.S!= .I,NI =8,RU= 1 ) TIME(NI =5,UN= 'SEC'--
LE. 1. 0SLO UN ='DEG' RUL=ILI= 1),..

14\xSLcO O~..AV=OMIT RC =2.L-1= 2j...
\SLP tPO=O..AX=OmF1T.RU=3.L1=3

GR-APH'(6-ID =TEK618.LO=-I.2 SC=.3.NI=8.RU= 1 ) TIME(NI=5.UN='SEC'..
LE-=). ).YSLOP(UN= DEQ'RU=*1 LI= 1),..

N'SLOP) P0= 0.AX = ONIT,RL = 2Lf ),
GRPHYSLOPLPO= 0..AX= OMIT.RU =3.Ll I)__
GRP.D TE6LO-40SC= IN'\I RU )TIME(NI=5,UN='SEC'..

LEI0. ).ZSLOP(LCN= 'DEQ' RU = ILI=I)
ZSL.OP( PO=0.,A-X,= OMIT-.R = 2.Lf= 2),.
ZSLOP( P0= ..AX= OMI~T,RU =3.LI = 3)

LABEL ( Gil) APPLIED TORQUE
L-ABEL (012) A1NGUCLAR DISPLACEMENT
LABEL (01 ANGULAR VELOCITY
LABEL (02) GENER.ALIZED DISPLACEMENTQ
LABEL (G3 GENERALIZED DISPLACEMENT 2
*L.,BEL (64) GENERALIZED DISPLACEMIENTf 3
LABE 05) DISPLACEMENT IN X-DIRECRION
LABEL (6) DISPLACEMENT IN Y-DIRECTION
LABLL 07) DISPLACEMENT IN Z-DIRECTION
LABEL GS) MAGNITUDE OF DEFLECTION AT TIP POSITION
LABEL 69) X-SLOPE AT THlE TIP POSITION
LABEL 04) Y-SLOPE AT THE TIP POSITION
LABEL (GZ Z-SLOPE AT THE TIP POSITION
END
STOP
FORTRAN

SUBROUTINE CONST (N,DX.RIIO.TM.RXPY1 ,PX2.PZ2.PX3 .PZ3,
1 SSTI.SST I .SS12.
1 SST21.SST1 SST31 SST4.SST4I SST5S5T51,SS5T6.SST61.
I SST7 SSTS. STF9.S 'TI0.SS-1l2,SSTI3')

IMPLICIT R AL*S(A-H.O-Z)
DIMIENSION RX( 13),P-i1( 13),,PX2( 13),PZ2( 13),PX3( 13-).PIZ3( 1)
ST I = .-0-
sti 1 =0.0
ST31 = 0.0
STS1 = 0,0
sTr5 I = 0.0
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ST7 =0.0
DO 101=1 IN-i

TI1= R,(1 PTI I= RXU )* PX()
T3 = PZ20 2
T31I = PZ3()2

T7 = PX3( ( )''-
T9 Z PzIPZ 3()
TI R51+1
STII=STII+TlI
ST3 =ST3 +T3
sTr3l = ST31+ T31
ST5 =ST + T5
ST51 =ST51+ T51
ST7 = 51r7 + T7
ST9 =ST9 +T9STI3=ST13+T13

10 CON T INUE
SSTI =(STI1+RX(N)*PX2(N) '2.0 *RHO*DX
SSTI I= STI I+ RX(N *P, (N.i) 2.0)* RHO*DX
SST3 =(ST3 + PZ2tN 4r*2 2.0 H*X
ss5r31 =(ST3 + PZ3 1'N ::*22.0,)*RHO* DX
SST5=(ST5+PX2(\ '.PY )''2.0)'RHO"DX
SST5I= ST5I+P~x3 *PY1(\).2.0Y*RHO*DX
SST7 = (T7+ RX(N)P 2()'0)*RHO*DXST9 = (ST9 P2N j*ZS N) ,2.0)*RHO*DX
SSTI3= ST13+ R, *P,' P3(. ): 2.0)* RHO* DX
SST2=-7[R ~(N)j 2(N
SST21 = TMRX(N)*PX(N
SSTF4=T'M*PZ2(N\)-"*
SST41 = TNM*PZI N)"'C2
SST6=T;W-PX2NY.-PYI (N)
SST61 = TM-"PX3(NPPY 1(N)
SSTS = TM'RX(N )*P 1N

C~ ~ ~ WRIT(62 S1 S .S1 SST4,SSTS,SST6,SST7,SSTS
C 20 FORM Al(2X.S(F I2.4.2X))

RETURN
E ND
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